ABSTRACT
YAXU, WANG. Association Analysis of Prenatal Exposures, Umbilical Cord Blood DNA
Methylation and Childhood Health (Under the direction of Dr. Jung-Ying Tzeng and Dr.
Cathrine Hoyo).

Epigenetic modification of the genome has notable roles in the regulation of diverse
cellular process. Epigenetic markers can response to environmental factors, and cause long-term
changes to gene pathways. DNA methylation at cytosines of CpG dinucleotides is one of the
most studied epigenetic mechanisms regulating chromatin structure and gene expression.
Alterations to DNA methylation has been linked to both chemical and non-chemical exposures in
adults and children. In addition to environmental factors, epigenetic changes are thought to also
reflect the influences of genetic factors. DNA methylation in umbilical cord blood, which can be
treated as the initial state of DNA methylation after birth, has gained special interest. On one
hand, cord blood DNA methylation can be affected by maternal prenatal environmental
exposures during pregnancy, on the other hand it can exert on-going influences on the long-term
childhood health conditions.

However, there are still many challenges in the association analysis between umbilical
cord blood DNA methylation, prenatal exposures and childhood health outcomes. First of all, the
experimental designs of most association analysis of umbilical cord blood DNA methylation
consist of only one single ethnic group. The global difference of umbilical cord blood DNA
methylation between differing populations still remains unclear. Within a mixture of ethnic
groups, the source of variation in umbilical cord blood DNA methylation are further confounded
by maternal and childhood genetic factors, with the relative contributions remaining unknown.
Secondly, different ethnic groups are disproportionately exposed to environmental and

socioeconomic factors, resulting in racial/ethnic disparities in terms of the incidence and



mortality of many diseases. The epigenetic modifications underlying the disparities still need to
be investigated. Thirdly, with regard to the offspring phenotypic outcomes, many studies follow
up on offspring at discrete time points and only consider the association between epigenetic
factors and childhood health outcome at particular time points, which fails to capture the
complete picture of the association as offspring grow up.

In the dissertation, we investigated the association between umbilical cord blood DNA
methylation, prenatal environmental factors and early childhood health using the newborn
epigenetic study (NEST) cohort. We explored the global difference in umbilical cord blood DNA
methylation patterns between black and white population and estimated the proportion of
variation within the differential epigenomic markers accounted by genetic factors. Then,
focusing on prenatal exposure to neuraxial anesthesia at delivery, we analyzed the mediating
effect of umbilical cord blood DNA methylation on the association between the duration of
exposure to epidural anesthesia at delivery and offspring development of asthma. Finally,
considering the close relationship between childhood overweight/obesity and asthma, we
extended our association analysis to investigate childhood growth trajectory using functional

principal component analysis, which can capture the overall growth dynamics of children.
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DNA methylation is the most commonly studied epigenetic modification involving the
addition of a methyl group onto the CS5 position of the cytosine to form 5-methylcytosine. In the
early stage of human embryo, the patterns of DNA methylation in the gametes are almost
completely erased and a new pattern in the offspring is formed by a wave of de novo methylation
catalyzed by a family of DNA methyltransferases (Dnmt3a and Dnmt3b) (Moore, Le and Fan,
2013; Greenfield "#$%&018). Further steps of development are followed by stage-specific and
cell type-specific changes in DNA methylation (Argelaguet "#$%®019). DNA methylation can
regulate gene expression by either reducing the interactions between the transcription machinery
and corresponding DNA sequence or repressing the tissue-specific gene promoters globally
(Miranda and Jones, 2007; Suzuki "#$%#07). Growing evidence has demonstrated that
epigenetic modifications in the early embryo stage could persist across the life course, leading to
diseases and disorders in childhood and adulthood (Cunliffe, 2015; Hao !"#$%3018).

DNA methylation pattern in umbilical cord blood has gained increasing interest due to its
links to both prenatal environmental events during pregnancy and its on-going implications for
future health conditions. Several studies emphasize the potential importance of prenatal
environmental factors, including smoking during pregnancy (Joubert !"#$%&)16), maternal body
mass index (Sharp !"#$% & 17), prenatal metal exposure (Bozack !"#$%&21) and gestational

diabetes (Finer !"#$% 30 14), for the establishment of variation in the umbilical cord blood.



Furthermore, variations in umbilical cord blood are in turn associated with long-term postnatal
phenotypes such as childhood body mass index (BMI), asthma and substance use in adolescence
(Sharp "#3$% & 15; Cecil "#3$%H16; C.-J. Xu "#$%B18). Therefore, DNA methylation in
umbilical cord blood is frequently treated as a mediator between prenatal maternal exposures and
offspring phenotypic outcomes (Kiipers !"#$% & 15; Barker, Walton and Cecil, 2018; Bozack !"#
$9%&018).

However, there are still many challenges in the association analysis of umbilical cord
blood DNA methylation. First of all, the experimental designs of most association analysis of
umbilical cord blood DNA methylation consist of only one single ethnic group. It is still unclear
whether there is global difference of umbilical cord blood DNA methylation between differing
populations. Within mixture of ethnic groups, the source of variation in umbilical cord blood
DNA methylation are further confounded by maternal and childhood genetic factors, with the
relative contributions remaining unknown. Secondly, different ethnic groups are
disproportionately exposed to environmental and socioeconomic factors, resulting in
racial/ethnic disparities in terms of the incidence and mortality of many diseases. The epigenetic
modifications underlying the disparities still need to be investigated. Thirdly, in terms of
offspring phenotypic outcomes, many studies follow up on offspring at discrete time points and
only consider the association between epigenetic factors and childhood health outcome at
particular age, which fails to capture the complete picture of the association as offspring grow
up.

Considering the challenges above, in the dissertation, we investigated the association
between umbilical cord blood DNA methylation, prenatal environmental factors, genetic risk

factors and early childhood health using the NEST cohort (Hoyo !"#$%&11), which consists of



a mixture of Non-Hispanic Black (NHB) and Non-Hispanic White (NHW) populations. We
firstly explored the global difference in umbilical cord blood DNA methylation patterns between
NHB and NHW population and estimated the proportion of variation within the differential
epigenomic markers accounted by genetic factors. Then, we analyzed the mediating effect of
umbilical cord blood DNA methylation on the association between prenatal exposure to epidural
anesthesia at delivery and offspring development of asthma in both NHB and NHW population.
Finally, we extended analysis to check association between cord blood DNA methylation and

childhood growth trajectory using functional principal component analysis (FPCA).
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The incidence and mortality of many diseases, including type 2 diabetes, cardiovascular

disease, neoplasms and cancer, disproportionately affect minority populations (Bhardwaj !"#$%&
2017; Daw, 2017; Brothers, Fadel and Keller, 2019). Taking chronic diseases for example, which
account for 7 in 10 American deaths and 78% of health care cost (Alliance, 2009; Bodenheimer,
Chen and Bennett, 2009), racial minorities are 1.5 to 2.0 times more likely to have major chronic
diseases than whites (Alliance, 2009). Multiple factors can contribute to the health disparities
between different ethnic groups. Firstly, self-reported race/ethnicity is correlated with
socioeconomic status, which are further associated with exposures to known risk factors and
access to high-quality health care (Williams, Priest and Anderson, 2016; Siegel, Miller and
Jemal, 2019). Secondly, substantial evidence has shown that population-specific genetic
background can contribute the unequal incidence of cancers among populations of different races

(Wallace, Martin and Ambs, 2011; Daly and Olopade, 2015). Furthermore, it is becoming



increasingly clear that the contribution of environmental factors (comprised of both chemical and
non-chemical exposures) to these disparate outcomes may be larger than previously appreciated
(Olden and White, 2005).

Epigenetic modification of the genome has notable roles in the regulation of diverse
cellular process. Epigenetic markers can response to environmental factors, and cause long-term
changes to gene pathways. DNA methylation at cytosines of CpG dinucleotides is one of the
most studied epigenetic mechanisms regulating chromatin structure and gene expression.
Alterations to DNA methylation has been linked to both chemical and non-chemical stressors
exposures in adults and children (Marsit, 2015; Park !"#$%®017). In addition to environmental
factors, epigenetic changes are thought to also reflect the influences of genetic factors (Bell,
2011). Increasing evidence have shown that DNA methylation plays an important role in the
physiological development of many complex disease including asthma, cancer and aging
(Horvath and Raj, 2018; Sarah E. Reese !"#$%®19; Luo "#$%®020). Therefore, elucidating
differential methylations between different ethnic groups may provide mechanistic insights into
racial disparities for the trajectories of disease progression, and point to relevant pathways that
may be amenable to intervention.

Recent advances in next generation sequencing technologies, e.g., the Illumina 450K or
EPIC arrays, make it possible to investigate the DNA methylation in a whole genome scale
(Fernandez-Jimenez !"#$% 30 19). However, most studies focused on the analysis of the
association between DNA methylation, environmental exposure and related health conditions.
The differential DNA methylation among ethnic groups is rarely explored and the possible links
between epigenetics, genetics and racial disparities of disease propensity remain unclear. In this

analysis, leveraging the 450K Methylation array data from the NEST cohort, which includes



both African American (AA) and European American (EA) populations, we explored the
differential DNA methylation in umbilical cord blood between AA and EA groups; investigated
the implications of the differentially methylated CpGs on phenotypes and examined the genetic

contributions for the variations of CpG methylation between AA and EA groups.
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Childhood asthma is one of the most common chronic illnesses in the United States,
characterized by shortness of breath, coughing, wheezing, chest tightness and airway
hyperactivity (Price !"#$% 30 13). Asthma attacks can be triggered by a variety of factors, such as
allergens, weather, stress, diet infections and obesity (Gold and Wright, 2005; Akinbami, 2006;
Canino, McQuaid and Rand, 2009). The sex distribution of childhood asthma is complex and
variable but up to age 5 the incidence of asthmatic wheeze is nearly two-fold higher in boys than
in girls (Wijga et al., 2011). Moreover, asthma is nearly twice as prevalent in NHB children than
NHW children (Urquhart and Clarke, 2020). Additionally, considerable disparities exist for
asthma care between NHB and NHW children. Surveys have shown that NHB children have four
times of emergency department visits, three times of hospitalization rate, and 7.6 times of death
rate than that of NHW (Akinbami !"#$%®009).!Tdentified risk factors of asthma includes
genetics, epigenetics, transcription and microbiome components (Mims, 2015). Despite the
significant burden asthma places on the healthcare system, established risk factors fail to fully
explain the prevalence of asthma and underlying mechanisms leading to its development are

poorly understood, particularly in ethnic minorities.



Neuraxial anesthesia, including epidural anesthesia, is an effective technique for
intrapartum pain relief for laboring women. The administration of neuraxial anesthesia also
varies substantially by ethnicity, with Non-Hispanic Black women (NHB) less likely to receive
this analgesic when compared with Non-Hispanic White women (NHW) as a labor pain
management modality (Rust "#$%&04; Glance !"#3$%&07). Despite its widespread use, ethnic
disparities in exposure and safety profile, studies investigating the long-term effects of neuraxial
anesthesia on childhood outcomes are lacking but are desperately needed. In fact, recent
epidemiological studies investigating an association between epidural anesthesia for labor
analgesia and neurocognitive outcomes, specifically autism spectrum disorders, have produced
mixed results, raising the possibility that epidural anesthesia may have effects far in excess of the
short term outcomes that have previously been investigated (Qiu !"#$%&020; Hanley !"#$%&
2021; Mikkelsen !"#$% X202 1; Wall-Wieler "#$%&21). Indeed, increasing duration of exposure
to epidural anesthesia has been associated with a lower risk of asthma in children at 5 years of
age, presumably because it attenuates the maternal physiological stress response to labor (Huang
I"#$%3020). However, mechanistic insights linking epidural anesthesia exposure—drugs
administered at period of extreme maternal stress at and around the time of delivery—and the
reduced odds of developing childhood asthma remains unknown (Huang !"#$%X020).

Given the ethnic disparities in asthma prevalence and epidural anesthesia utilization
together with epidural anesthesia having been shown to partly attenuate the maternal
physiological stress response to labor, we hypothesized that the duration of exposure to epidural
anesthesia would reduce the risk of asthma development via epigenetic mechanisms (Shnider et
al., 1983; Scull et al., 1998; OH et al., 2004; Wright, Cohen and Cohen, 2005; Wright, 2008;

Cookson et al., 2009; Rosa et al., 2016; Miller et al., 2019). In this analysis, we used existing



maternal, pediatric, anesthetic and umbilical cord blood epigenetic markers data from the NEST
cohort to examine the association between duration of exposure to epidural anesthesia and
childhood asthma development by race/ethnicity strata and identify potentially any novel
newborn umbilical cord blood epigenetic markers that might mediate these effects particularly in

ethnic minorities.
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Childhood obesity and overweight is a chronic public growing public health problem.
Racial and ethnic disparities also persist in the childhood obesity problem (An, 2017; Byrd, Toth
and Stanford, 2018). For example, Gopal et. al has shown that 13% of Non-Hispanic White
youths, 24% of Non-Hispanic Black youths, and 23% of Hispanic youths are obese; in addition,
27% of Non-Hispanic White youths, 41% of Non-Hispanic Black youths, and 41% of Hispanic
youths are overweight (Singh, Siahpush and Kogan, 2010). However, Non-Hispanic children
showed lower levels body fat percentage and the volume of visceral adipose tissue than Non-
Hispanic White children (Min "#$%®021). Childhood obesity/overweigh is also a major risk
factor of childhood asthma, and obesity-induced increases in asthma risk can start '(#)"!*+, with
mechanisms involving inflammatory or other changes during pregnancy or early postnatal life
(Malti "#$% 30 14; Peters, Dixon and Forno, 2018). Epigenome-wide association studies also
identified CpG loci in umbilical cord blood associated with adiposity outcomes, even though
consistency across the various adiposity outcomes still need to be tested (Kresovich "#$%&017).

However, due to the time-varying and often irregular measurements of growth curve in

epidemiology studies, traditional statistical methods to study the association between growth



curve, epigenetic markers and environmental exposures failed to capture the overall picture of
growth pattern. For instance, one common method is to break down the growth curve into
several time points, such as weight at birth or weight change between ages, to evaluate the
association via linear regression models (Bhargava !"#$%&04; Taveras !"#$%X011).
Nevertheless, this approach is not able to evaluate the entire growth curve, and may decrease the
sample size due to the irregular and sparse measurement of growth data. Another method is to
model the growth curve for each individual under the assumption that the population has the
same underlying curve descripted by three parameters: the mean shift (shift on the measurement
of the curve); the tempo shift (shift on timing measurement) and the velocity shift
(shrinking/stretching of time scale) (Cole, Donaldson and Ben-Shlomo, 2010). However, this
model requires a large sample size and a relatively complete observations of measurement. In
addition, the model’s assumption of unique underlying growth curve may be inappropriate under
a mixture population of different ethnic groups.

Considering the issues of modeling growth curve above, we propose to use Functional
Principal Component Analysis (FPCA) to summarize the growth curves followed by regression
analysis using the top principal components. FPCA is useful tool in Functional Data Analysis
(FDA). FPCA smoothing method is particularly suitable for handling sparse data by
summarizing growth curves as functional principal components, which are continuous values
capturing the variations within the original data matrix. In this chapter, we extend mediation
analysis among umbilical cord blood DNA methylation, duration of epidural anesthesia at
delivery and childhood asthma to childhood growth trajectories. We aim to explore: 1) whether

the duration of epidural anesthesia at delivery is associated with childhood growth curves in both



Non-Hispanic Black and Non-Hispanic White groups; and 2) whether childhood growth curves

is associated with umbilical cord blood DNA methylation markers.

"4D@,226'&/&, (%! ('B/%,E/&)(%

Taking advantage of the mixed-ethnicity experiment design of NEST cohort, in this
dissertation, we systematically investigated the association among umbilical cord blood DNA
methylation, prenatal environmental factors, genetic risk factors and early childhood health in
both Non-Hispanic Black and Non-Hispanic White groups.

In chapter 2, we explored the global difference in umbilical cord blood DNA methylation
patterns between NHB and NHW population followed by functional analysis, providing insights
on the racial disparities of health outcomes from the epigenetic view of point. Using the
genotyping data, we also estimated the proportion of variation accounted by both maternal and
children’s genetic factors within the differential epigenomic markers in umbilical cord blood,
considering both cis- and trans- interactions between genetic and epigenetic markers. In addition
to traditional way of methylation quantitative trait loci analysis via linear regression, we also use
least absolute shrinkage and selection operator (LASSO) analysis to explore the effect of
multiple genetic markers. DNA methylation can be affected by both genetic and environmental
factors. Umbilical cord blood DNA methylation, which can be treated as the starting point of
postnatal DNA methylation profile susceptible for further postnatal environmental factors, is a
complicated consequence of prenatal environmental factors, maternal genetic factors and
children’s genetic factors. Our association analysis on the umbilical cord blood differential

methylation between NHB and HNW population provide insight into the molecular mechanisms



of the formation early-stage DNA methylation profile and its potential consequences for late-
stage health outcomes.

In chapter 3, we analyzed the association of umbilical cord blood DNA methylation with
a particular type of prenatal exposure, i.e., the duration of epidural anesthesia at delivery, and a
specific childhood health outcome, i.e., the development of childhood asthma. We hypothesized
that umbilical cord blood DNA methylation mediated the association between the duration of
prenatal exposure to epidural anesthesia and the development of childhood asthma. Epigenome-
wide mediation analysis was used to test the hypothesis. Considering the racial disparities for the
administration of neuraxial anesthesia and the occurrence of childhood asthma, we conducted
our analysis in both NHB and NHW population followed by functional enrichment analysis of
genes mapped by CpGs with mediating effects. Our analysis demonstrated the racial disparities
on the duration of exposure to epidural anesthesia between NHB and NHW groups. Moreover, in
NHB population, we found evidence of cord blood DNA methylation mediating the association
between epidural anesthesia duration at delivery and the development of childhood asthma,
providing molecular insight into the potential effect of immune-related pathways in response to
the pain/stress experienced by mothers on the offspring’s development of childhood asthma.

In chapter 4, we extended our analysis to childhood growth curve, considering the close
connections between the development of childhood asthma and childhood obesity/overweight.
To overcome the common difficulties in modeling growth curves, we proposed to use Functional
Principal Component Analysis (FPCA) to summarize the growth curves followed by regression
analysis using the top principal components. We explored whether the duration of prenatal
exposure to epidural anesthesia was associated with childhood growth curves in both NHB and

NHW groups in the NEST cohort. Moreover, we further analyzed the association between
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childhood growth curve and umbilical cord blood DNA methylation profile to investigate the

potential epigenetic effect on childhood growth.
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Non-communicable chronic conditions, including type 2 diabetes, cardiovascular disease,
and neoplasms, remain the leading causes of death globally. The incidence and mortality of these
chronic conditions also disproportionately affect minority populations (Daw, 2017; Quifiones !"#
$%&019). Although the past 20 years have seen a reduction in the life expectancy gap between
African Americans (AAs) and European Americans (EAs), disparities in morbidity and mortality
remain (Cunningham !"#$%&017). The geographic variation in incidence of these diseases, and
the higher risk for individuals of African descent, point to a complex relationship between
genetic and environmental factors. Although genetic factors that contribute to these outcomes are
well-studied, it is becoming increasingly clear that the contribution of environmental factors
(comprised of both chemical and non-chemical exposures) to these disparate outcomes may be
larger than previously appreciated (Olden and White, 2005). Elucidating the potential
mechanisms underlying these disparities, especially those linked to early life when preventive
measures may be taken (e.g., lower birth weight), is an important public health need.

The developmental origins of health and disease (DOHaD) hypothesis posits that

environmental exposures during the perinatal period play a critical role for outcomes (Barker,
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1995, 2006). Data accumulated over fifteen years from model systems and human studies
support the hypothesis that epigenetics links the early environment to adult disease susceptibility.
Epigenetic responses to environmental factors, can cause long-term changes to gene pathways.
In the context of chronic disease outcomes, studying the inflammatory responses linked to
vascular and metabolic functions and its epigenetic mechanisms is of interest. DNA methylation
at cytosines of CpG dinucleotides is one of the most studied epigenetic mechanisms regulating
chromatin structure and gene expression. Altered CpG. Alterations to DNA methylation has been
linked to both chemical and non-chemical stressors exposures in adults and children (Olden !"#
$%&014; Marsit, 2015; Park "#$% &) 17). While multiple CpG sites associated with AA status
have been identified in DNA obtained from adults (Galanter !"#$%&017; Husquin !"#$%X018),
whether differential methylation at these sites is also associated with chronic disease early
indicators, has not been extensively studied. It is therefore important to evaluate established early
life risk factors for multiple adult-onset chronic diseases and conditions, such as cardiovascular
disease and diabetes. These risk factors include lower birthweight or preterm birth, which also
disproportionately affect AA populations. Elucidating epigenetic associations to these outcomes
may provide mechanistic insights into the trajectories of disease progression, and point to
relevant pathways that may be amenable to intervention (Lapato !"#$% &0 18; Czamara !"#$%&
2019).

In adults, a growing number of studies have analyzed CpG methylation using genome-
scale approaches e.g., the Illumina 450K or EPIC arrays, identifying race/ethnicity DNA
methylation differences (Heyn !"#$%013). Commonly identified pathways include
inflammation (Galanter !"#$%®017), immune function (Husquin "#$%&)18), metabolic

syndrome (Chitrala !"#$%020), and sleepiness (Barfield !"#$% 3 19), as well as responses to
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environmental exposures such as air pollution (Gondalia !"#$%&019) and cigarette smoking
(Sabogal "#$%®020). To our knowledge, only a few studies have examined these differences in
early life, which the DOHaD hypothesis suggests is a critical time window for these alterations
to occur. One longitudinal analysis examined methylation throughout the pregnancy course and
at birth (Lapato !"#$%&)18), one multicohort study characterized and generated prediction
metrics on race/ethnicity differences using placental DNA methylation (DNAm) data (Yuan !"#
$%&019), and another multicohort study examined interactions of genetics and environment on
newborn cord blood DNA methylation (Czamara !"#$%&)19). The purpose of this present study
was to identify differential methylation of CpG sites associated with AA status among newborns,
from array data comprising more than 450,000 CpG sites, and determine baseline methylation
differences that may contribute to these disparate outcomes. We also examined the genetic

contributions for the variations of differentially methylated CpGs between AA and EA groups.

#1<6&7() !

2.2.1 Study participants

Participants for the study derived from the Newborn Epigenetics Study, a pre-birth cohort
of mothers and their offspring enrolled between 2005 and 2011. The protocol for accruing study
participants and collecting specimens has been described in detail (Hoyo !"#$%&011). Briefly,
1,104 pregnant women attending Duke Medicine prenatal clinics were approached and ~900
agreed to participate. To be eligible for inclusion, participants had to be English speakers, and
plan to deliver the index offspring at Duke obstetrics to enable collection of maternal and
offspring specimens and parturition data. Among these, we excluded women who planned to put

the index offspring up for adoption, as this would limit future follow-up, and those known to be
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HIV positive because of potential effects of HIV treatment on the epigenome. The present
analyses are limited to the 144 participants in whom we have CpG methylation data and
genotyping data.
2.2.2 Quantifying DNA methylation in umbilical cord blood

DNA was purified from buffy coat and 500ng aliquots were submitted to Duke Genome
Sciences Core Laboratory for processing. Methods for bisulfite conversion and methylation
analyses have been detailed elsewhere (Joubert !"#$% 30 16; Martin !"#$%&019). Briefly, purified
genomic DNA specimens was bisulfite-converted using the EZ-96 DNAm kit (Zymo Research
Corporation, Irvine, CA, USA) according to manufacturer’s instructions. Methylation was
measured by Infinium 450K arrays. Raw intensity files were loaded by the minfi package to
calculate the methylation level at each CpG as the beta-value and the data were exported for
quality control and processing (Aryee !"#$% &) 14). Beta Mixture Quantile dilation (BMIQ)
strategy was used to adjust for intra-array differences between Illumina Type I and Type II
probes (Teschendorff I"#$%®13). Batch effect (HumanMethylation450 BeadChip plate
number) was corrected using the ComBat function in the R package SVA (Leek !"#$%3012). We
removed CpGs with detection P-value >0.01 or bead counts <3 in >5% of the sample (n = 2955),
and excluded CpGs containing SNPs or located at the single nucleotide extension position (n =
7601). We also excluded CpGs located in sex chromosomes (n = 11,199), resulting 464,185
CpGs for further analysis.
2.2.3 Genome-wide SNP genotyping

All the 144 mother and child pairs were also genotyped using the Illumina
HumanOmniExpress BeadChip (Illumina). All samples had <5% missing values. PLINK

(Purcell "#$%3007) was used to further remove SNPs with >1% missing values and SNPs with
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a minor allele frequency <5%. In total, 298,311 children’s SNPs and 293,872 maternal SNPs
were kept for further analysis.
2.2.4 Detection of differentially methylated sites between AA and EA population

To account for the cell-type heterogeneity in DNA methylation, we estimated the cell
type proportions using the method of Houseman !"#$%#®ouseman !"#$%&012), implemented by
1,"-$"1.19%%.+)(", function of -'(/' package using the cord blood reference panel of Bakulski
et al. (Jaffe and Irizarry, 2014; Bakulski !"#$%&16). Then for each CpG site, we obtained the
residualized beta values adjusting for cell type proportion, plate number and sex using linear
regressions. Then, the residualized beta values were regressed against race to identify
differentially methylated CpGs at 1% false discovery rate (FDR). For our pathway and gene-set
enrichment analyses, we utilized the Ingenuity Pathway Analysis and Enrichr tools (Kuleshov !"#
$9%&016).
2.2.5 Methylation QTL (meQTL) analysis

We mapped meQTL using the 0$"*'12345 R package (Shabalin, 2012), which enables
fast computation of QTLs by only saving those more significant than a pre-defined threshold. An
additive linear regression model was used to test if the number of alleles (coded 0, 1 and 2)
predicted DNA methylation at each site, including the first five principal components from the
genotype data to control for population structure. In childhood genome, local associations (cis-
acting associations) were defined as CpG-SNP distance <= 500 kb, and distant associations
(trans-acting associations) were defined as distance between CpG and SNP >500 kb or on

different chromosomes.
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2.2.6 Estimation of genetic contribution of the variations in differentially methylated CpGs

To estimate the variations in the differentially methylated CpGs that could be attributed
to genetic factors, we estimated the proportion of variances in the CpGs explained by SNPs. We
considered two scenarios in the estimation procedure. Firstly, we investigated the proportion of
variance in the CpGs explained by the single most significant SNP. In this scenario, linear
regression was used to estimate the variance proportion. Secondly, we estimated the proportion
of variance in the CpGs explained by multiple SNPs. In this case, we firstly selected SNP-CpG
pairs using a relative loosing criteria of nominal p-value equal tole-4, followed by LASSO

regression to select associated SNPs. The analysis flow chart was shown in Figure 2.1.

-#;1F62*0&12
2.3.1 Population difference in DNA methylation profiles in umbilical cord blood

To assess the population in DNA methylation of umbilical cord blood, we characterized
DNA methylation variation at >480,000 CpG sites across the genome from 55 EA and 89 AA
decedent. After normalization and filtering, we retained a final dataset of 464,185 CpG sites in
the 144 individuals. At a false discovery rate (FDR) of 1%, we identified 7,800 CpG sites that
presented a significant difference between EA and AA (Figure 2.2a), mapping to 3,116 genes. 8
of the top 20 most significant differentially methylated CpGs (DMS) were located in
chromosome 1 (Figure 2.2a) and 7 of them mapped to chromosome 17. Of the 7,800 DMS,
63.0% were more methylated in AA than in EA, with respect to the observed 50.6% when
considering all CpGs (Fisher’s exact test, p-value = 7.13e-127) (Figure 2.2b).

We observed enrichment of DMS in enhancer regions (Odds ratio (OR) = 1.25, p-value

=6.61e-17) and depletion of DMS in promoter (OR = 0.52, p-value = 6.61e-88), 1st exon (OR =

17



0.54, p-value = 5.08e-34), 5’UTR (OR = 0.67, p-value = 3.94e-27) and TSS200 region (OR =
0.57, p-value = 3.59e-46), independent of whether the DMS were hypermethylated in AA or EA
(Figure 2.2¢). For the DMS hypermethylated in AA, we also observed depletion of them in
3’UTR (OR = 0.74, p-value = 1.65¢-5), gene body (OR = 0.89, p-value = 8.22¢-5) and TSS1500
region (OR = 0.83, p-value = 4.40e-6). By comparing the distribution of DMS in in different
CpG island contexts, we found enrichment of DMS in DHS region (OR = 1.31, p-value = 4.97e-
17), S_Shore (OR = 1.39, p-value = 1.67e-21) and N_Shore (OR =1.39, p-value = 1.89¢-27). The
enrichment and depletion of DMS in different genomic regions and CpG island contexts may
imply potential underlying mechanisms of DMS and their phenotypic consequences (Muse !"#$%&
2020; Villicana and Bell, 2021).

Enrichment analysis of the 3,116 genes mapped by DMS showed shat top term includes:
1) Gene Ontology (GO) categories related to protein binding, ion binding, anatomical structure
development, cell differentiation, cellular developmental, cell periphery and plasma membrane;
2) IPA canonical pathways and KEGG pathways related to White Adipose Tissue Browning,
CREB Signaling, Breast Cancer Regulation, Phospholipase D signaling and Vascular smooth
muscle contraction; and 3) IPA Disease and dbGAP terms related to Cancer, Endocrine System
Disorders, Stroke, Body Mass Index, Body Height, Blood Pressure and Myocardial Infarction.
Notwithstanding the broad scope of these analyses, consistent terms related to inflammatory
conditions were generated. The fact that these conditions disproportionately affect African

Americans suggests disparate risks exist even from birth.
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2.3.2 meQTLs associated with population-related DMA are widespread and predominantly
characterized by cis effects

We performed genome-wide single-nucleotide polymorphism (SNP) genotyping and
obtained 293,872 and 298,311 SNPs in maternal and childhood genome after stringent quality
control. Genome-wide association analysis were performed to test additive effect of allele dosage
on DNA methylation across all SNPs to identify potential methylation quantitative trait loci
(meQTLs). Of the 7,800 DMS, we identified 2,178 CpGs associated with at least one genetic
variant located within a 500kb window in children’s genome (referred to as DMScis-meQTL);
55 CpGs associated with at least one genetic variant located >500kb away from the CpG or
located in different chromosome in children’s genome (referred to as DMStrans-meQTL); 18
CpGs associated with at least one genetic variant in maternal genome (referred to as DMSmat-
meQTL); and 5,570 CpGs were not significantly associated with any SNPs (referred to as
DMSnon-meQTL) (Figure 2.3a). The majority of meQTLs (97.7%) associated with population-
related DMS are cis-acting (Figure 2.3b), among which the effect size (i.e., DNA methylation
change per allele) were related to the distance between the Illumina 450K array probe and
meQTL SNP (Figure 2.3¢). The median effect size across all identified meQTLs was 5.11%
(interquartile range (IQR) = 3.55%-7.55%). The average effect size for trans-acting and maternal
meQTLs was significantly higher than that for cis-meQTLs (Wilcoxon rank sum test, p-value =
1.3e-13 and 6.28e-10, respectively; Figure 2.4). About 26.7% meQTL SNPs are associated with
multiple DNA methylation sites; in contrast, 48.0% DNA methylation sites showing evidence for
association with multiple meQTL SNPs (Figure 2.5), presumably as a result of linkage
disequilibrium (LD) of SNPs and polygenetic effect of DNA methylation. Despite the

preponderance of cis-meQTLs, there were some trans-meQTL and maternal meQTLs scattering
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in the children’s and maternal genome (Figure 2.3d, Figure 2.6, and Figure 2.7). Interestingly,
for the cis-meQTL SNPs, we observed significant enrichment of cytosine (OR = 1.13, p-value =
2.08e-3) and guanine (OR = 1.15, p-value = 1.57e-4) of the major allele compare to the general

distribution of all children’s SNPs in our dataset (Figure 2.8), suggesting the potential

underlying molecular mechanisms of DNA methylation.

2.3.3 Contribution of genetic variance to the variations in differentially methylated CpGs

To explore the contribution of genetic variance to the variations in population-related
DMS, we regressed each DMS against the most significant associated SNP. Overall, top SNPs
on average explained 23.2% of variations in the DMS (interquartile range (IQR) = 12.7%-
34.3%). Even for the DMS that were not associated with any SNPs at Bonferroni significance
level of 0.05, the top associated SNPs still on average explained 17.7% of the variance (IQR =
9.5%-25.0%). DMScis-meQTL, DMStrans-meQTL and DMSmat-meQTL has a higher
proportion of variance explained by top SNP compared to DMSnon-meQTL (Median = 44.2%,
55.3% and 41.8%; IQR = 36.2%-54.9%, 41.8%-51.8% and 38.0%-46.6%; Wilcoxon test, p-value
<2.2e-16, 2.2e-16 and 5.2e-12, respectively) (Figure 2.9a).

To further estimate the contribution of genetic variance by multiple SNPs, we selected
associated SNPs in childhood and maternal genome for each DMS using a relatively loose
criterion (nominal p-value < 1e-4), followed by LASSO regression to shrink the number of SNPs
associated with each CpG. We found that 77.7% of variations in the DMS (interquartile range
(IQR) = 73.4%-81.7%) were explained by top multiple SNPs. Figure 2.9¢ showed an example of

DMS driven by genetic factors. After adjusting for rs6677965, the p-value of the association

20



between cg01427815 increased from 2.3e-6 to 0.37. Figure 2.9d showed an example of

DMSnon-meQTL associated with gestational age.

HCI@,2+*22 (%

Leveraging the 450K Methylation array data from the NEST cohort, we identified 8,700
CpG sites that were differentially methylated between AA and EA individuals, mapping to 3,116
genes, of which DARC, ADAP2, ARTN, RNF135, and SEPTS are among the top 20 genes with
the highest number of significant CpG sites. DARC gene also known as Atypical Chemokine
Receptor 1 (ACKRI1), The SNP-CpG association in ACKRI1 has been identified to be related to
African ancestry in a 450K analysis on whole blood in children (8-21 years) of Latino heritage
(Galanter "#3$%®)17). Mechanisms by which ACKR1 genotype alters methylation have been
described. An early study (Tournamille "#$%&95) identified that the -33 T>C substitution
resulted in improper binding of the erythroid specific transcription factor GATALI to its binding
site, leading to null expression of ACKR1 on erythrocytes. It has been shown that ACKR1 plays
an important role in the context of chronic diseases (Nordor, Bellet and Siwo, 2018). ADAP2
gene has a role in heart development, and might be a reliable candidate gene for the occurrence
of cardiovascular malformations (Venturin "#$% & 14). ARTN encodes for Artemin, a member
of the GDNF (glial derived neurotrophic factor) family. Artemin has roles in survival of
peripheral neurons including dopaminergic neurons and has a role in promoting tumorigenesis,
metastasis, and drug resistance in breast cancer (Hezam !"#$%018). RNF135 has been
identified as an ethnicity associated CpG (E-CpG) in four different types of tumor tissue (breast,
head/neck, colon, and uterine). SEPT8 encodes for Septin-8, part of the septin family of

nucleotide binding proteins. Differential methylation of SEPT8 was identified in a study
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examining population differences (Heyn !"#$%013). SEPT8 methylation differences were also
reported in a study looking at cognitive impairment in Mexican American individuals (Pathak !"#
$%&019), and septins may also act as potential oncogenes or tumor suppressor genes in cancer
development, with SEPTS8 expression being upregulated in cancers including bladder, liver, lung,
and pancreas (Liu "#$%&)10). Consistent with previous studies an ethnicity associated DNA
methylation (Husquin !"#$%3018; Li "#$%®22), we found overrepresentation of DMS in
enhancer regions and CpG-island shore regions. Enrichment analysis of all the genes mapped by
DMS revealed related disease including Cancer, Endocrine System Disorders, Stroke and Blood
Pressure, indicating that DNA methylation change in umbilical cord blood may provide early
indicators of chronic disease development.

Taking advantage of the mother-child experiment design, we identified meQTL
associated with ethnicity related DMS in both maternal and childhood genome at a stringent
Bonferroni threshold of 0.05. Even though the majority of the association between meQTL and
DMS were cis-acting, we found 55 trans-acting DMS and 18 DMS significantly associated with
maternal SNPs, suggesting both maternal and childhood genome may affect cord blood DNA
methylation profile during fetal development. Studies has shown that cis-acting meQTL may
change DNA methylation by altering or disrupting the activity of sequence-specific binding
proteins regulators (Banovich !"#$% &) 14; Villicana and Bell, 2021), which is supported by our
results that genes mapped by cis-acting meQTL were highly enriched in the GO category of
protein binding, protein-containing complex binding, and nucleotide binding. In addition, the
depletion of cis-acting DMS in promoter regions in our analysis may result from the binding of

transcription factors preventing DNA methyltransferase from targeting those regions.
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Considering only the most significant associated SNP, on average 23.2% of variations in
the DMS can be explained by genetic variations. However, using multiple associated SNPs, we
found that on average 77.7% of variations in DMS can be explained by genetic variations,
indicating that population differences of cord blood DNA methylation are mostly driven by DNA
sequence variants, potentially in polygenetic patterns. In contrast to the previous estimation that
the mean genome-wide heritability of CpG DNA methylation was 0.19 in whole blood samples
of 2,603 individuals from age 17 to age 79 (Van Dongen !"#$% 30 16), our results suggested that
variations in the differentially methylated CpGs in umbilical cord blood between AA and EA
populations were mostly genetic-driven. Umbilical cord blood DNA methylation can be treated
as the initial state of DNA methylation after birth. The dominance of genetic-driven proportion
of variance of DMS in the umbilical cord blood may result from the relative stable utero
environment of fetuses, making them less susceptible to external stimuli. However, after birth,
DNA methylation is highly susceptible to age and environmental factors, diminishing the relative
importance of genetic effects. Interestingly, we also identified 18 DMSs associated with maternal
SNPs, suggesting that maternal genetic effect may potentially affect offspring’s cord blood DNA
methylation, which may take place at the early stage of embryo development. Although growing
evidence has shown that prenatal exposure can affect the cord blood DNA methylation profile,
the underlying mechanisms of how maternal exposure affect fetus’s DNA methylation are rarely
studied. The observed association between maternal SNPs and cord blood DNA methylation
suggests that maternal genetic factors may potentially interact with prenatal exposure in shaping

the offspring DNA methylation profile.
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Figure 2.1: Flow chart of the association analysis of differentially methylated CpGs between AA

and EA population.
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Figure 2.2: Population difference in DNA methylation profiles. a. Manhattan plot of
differentially methylated CpGs (DMS) between AA and EA. The horizontal dash line indicates
1% FDR threshold. Top 20 most significant DMSs are labeled by mapped genes. b. Proportion
of DMS that are hypermethylated in AA (orange) or EA (blue) individuals. Violin plot of one
CpG site for each category is given as an illustration of population difference, with orange and

blue representing AA and EA, respectively. ¢. Enrichment/depletion of DMS for CpG sites
hyper-methylated in AA (orange) and EA (blue) in different genomic locations. Odds ratio and
95% confidence are computed against the general distribution of the CpGs of our dataset. d.
Enrichment/depletion of DMS for CpG sites hyper-methylated in AA (orange) and EA (blue) in
different CpG island contexts and DNase I hypersensitive site (DHS). Odds ratio and 95%

confidence are computed against the general distribution of the CpGs of our dataset.
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Figure 2.3: meQTLs associated with population-related DMS are predominantly cis-acting with
effect size related to distance. a. Venn plot of different types of DMS. b. The genomic
distribution of Bonferroni significant meQTLs, where the position on the x axis indicates the
location of CpGs and the position on the y axis indicates the location of SNPs. ¢. The
relationship between effect size (DNA methylation change per allele) of cis-meQTLs and
distance between corresponding CpGs and SNPs. d. Circos plot of trans-meQTLs. The thickness

of each line depicts association effect size.
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Figure 2.4: Distribution of effect sizes across all Bonferroni significant meQTLs. Shown is the
DNA methylation difference associated with each minor allele for cis-acting meQTLs, trans-
acting meQTLs and maternal meQTL. The average effect size for trans acting and maternal
meQTLs is significantly higher than that for cis-meQTLs (Wilcoxon rank sum test, p-value =
1.3e-13 and 6.28e-10, respectively). No significant difference was observed between the effect

size of trans-acting and maternal meQTL (Wilcoxon rank sum test, p-value = 0.16).
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Figure 2.9: Source of variance of different types of DMS. a. Proportion of variance explained by
the most significant SNP for each type of DMS. DMScis-meQTL, DMStrans-meQTL and
DMSmat-meQTL has a higher proportion of variance explained compared to DMS not
significantly associated with any SNPs (Wilcoxon test, p-value <2.2e-16, 2.2e-16 and 5.2e-12,
respectively). b. Proportion of variance explained by multiple SNPs for each type of DMS.
DMScis-meQTL, DMStrans-meQTL and DMSmat-meQTL has a higher proportion of variance
explained compared to DMS not significantly associated with any SNPs (Wilcoxon test, p-value
<4.0e-239, 3.5e-16, and 4.4e-6, respectively). ¢. Example of DMS that is driven by genetic
factors. Without adjusting for the rs6677965, cg01427815 is significantly associated with
ethnicity (p-value <2.29e-6). Adjusting for rs6677965, cg01427815 is not significantly
associated with ethnicity (p-value = 0.37). d. Example of non-genetic DMS. Methylation of

cg12999267 is associated with gestational age.

33



1.00 p <5.2e-12
p <2.2e-16
p<2.2e-16
>
S 0.75
o
2
>
o
2
£ 0.50
8
o
X
o
3
g 0.25-
0.00 4
T §V T O«V T Qo«\’ T &\«
& <& & &
o° N o o
N N S N
" EIEEF
~ 0.5 ®
N
4
o
2
n
©
cl; 0.4 -
g °
=
=)
D
o
)
0.3 Ethnicity ®
B AA
i e ==
0.2 - °
‘
cc CT T
rs6677965 (UCK2)

&

POV explained by multiple SNPs

1.00
0.75 4
0.50
p <4.0e-239
‘ p <3.5e-16
0.25 1 p<4.4e6
0.00
T T T T
L & 6\\' <
) &
e’&e ~ &é’ o‘;@z 0"&0
o° 9 o o
0é 0* o* OQ
n
ici (]
06 Ethnicity
@ AA
“ EA [ ]
[ ]
N ¢ ®
&
[}
=]
[}
N 04
(=4
o
S
7]
o
2
[
>
|
=%
0.2

32
Gestational age (weeks)

28

34



¥1345,6-(?(

@0-4,2.+(.;(6A5.:0-6(, . (652/0-48(
4+6:,36:24(4,(/682B6-90(@D#(
<6,3984,2.+(2+(0<=282148(1.-/(=8. . /(
A+/(,362-(4:: . 124,2.+(>2,3(. ;; :5-2+E(
4:,3<4(+(D.+F""2:54+21(G841H(> . <6+(

H'S98, ()*+&, (%4
Neuraxial anesthesia, which includes epidural anesthesia, is an effective technique for
intrapartum pain relief for laboring women. Neuraxial anesthesia is used by approximately 70%
of women in the United Sates for labor analgesia potentially exposing millions of newborns to its
effects (Butwick !"#$% 30 18; Qiu "#$%20). Administration of neuraxial anesthesia also varies
substantially by ethnicity, with Non-Hispanic Black women (NHB) less likely to receive this
analgesic when compared with Non-Hispanic White women (NHW) as a labor pain management
modality (Rust !"#$%&04; Glance !"#$%&07). Despite its widespread use, ethnic disparities in
exposure and safety profile, studies investigating the long-term effects of neuraxial anesthesia on
childhood outcomes are lacking but are desperately needed. In fact, recent epidemiological
studies with sample sizes ranging from 123,175 to 479,178 participants investigating an
association between epidural anesthesia for labor analgesia and neurocognitive outcomes,
specifically autism spectrum disorders, have produced mixed results while adjusting for maternal
sociodemographic, prepregnancy, pregnancy, and perinatal covariates, raising the possibility that

epidural anesthesia may have effects far in excess of the short term outcomes that have
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previously been investigated (Qiu "#$%®020; Hanley !"#$%®021; Mikkelsen "#$%2021; Wall-
Wieler "#$%®021). Indeed, increasing duration of exposure to epidural anesthesia has been
associated with a lower risk of asthma in children at 5 years of age, presumably because it
attenuates the maternal physiological stress response to labor (Huang !"#$%%020). However,
mechanistic insights linking epidural anesthesia exposure—drugs administered at period of
extreme maternal stress at and around the time of delivery—and the reduced odds of developing
childhood asthma remains unknown (Huang !"#$%&020).

Childhood asthma remains one of the most common chronic medical illnesses in the
United states and it places significant burden on the healthcare system with annual direct medical
costs estimated to be in excess of $6 billion dollars annually (Kamble and Bharmal, 2009). The
sex distribution of childhood asthma is complex and variable but up to age 5 the incidence of
asthmatic wheeze is nearly two-fold higher in boys than in girls (Wijga "#$%®011). Moreover,
asthma is nearly twice as prevalent in NHB children than NHW children (Urquhart and Clarke,
2020). Additionally, NHB children experience higher rates of asthma related emergency room
visits, hospitalizations and deaths when compared with NHW children (Urquhart and Clarke,
2020). Despite the significant burden asthma places on the healthcare system, established risk
factors fail to fully explain the prevalence of asthma and underlying mechanisms leading to its
development are poorly understood, particularly in ethnic minorities.

Although multiple genetic variants have been identified from genome wide association
studies, these loci only explain a modest proportion of the asthma risk (Wjst, Sargurupremraj and
Arnold, 2013). Emerging research now suggests that epigenetic mechanisms may play a role in
the pathogenesis, acknowledging that early life exposures may contribute significantly to the

development of asthma (Sarah E Reese !"#$% 30 19). A recent epigenome wide association study
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has identified 9 CpG sites that were differentially methylated in newborn cord blood samples and
were associated with childhood asthma (Sarah E Reese !"#$%®019). However, of the 8 newborn
cohorts contributing to this analysis, only 2 were from non-european ancestry limiting the
relevance of these findings in ethnic minority populations in whom the prevalence of asthma is
higher. Furthermore, the included cohorts did not address the role of exposure to epidural
anesthesia at delivery, which though widely used is less commonly administered to non-hispanic
black women when compared with non-hispanic white women as a labor pain management
modality (Rust "#$%B004; Glance !"#$%3007).

Given the ethnic disparities in asthma prevalence and epidural anesthesia utilization
together with epidural anesthesia having been shown to partly attenuate the maternal
physiological stress response to labor, we hypothesized that the duration of exposure to epidural
anesthesia would reduce the risk of asthma development in NHB children via epigenetic
mechanisms (Shnider ! "#$%d&83; Scull "#$%898; OH !"#$%X04; Wright, Cohen and Cohen,
2005; Wright, 2008; Cookson !"#$%B009; Rosa "#$% B0 16; Miller "#$% X 19). To test this
hypothesis, we used existing maternal, pediatric, anesthetic and umbilical cord blood epigenetic
markers data from the Newborn Epigenetics STudy (NEST) to examine the association between
duration of exposure to epidural anesthesia and childhood asthma development by race/ethnicity
strata and identify potentially any novel newborn umbilical cord blood epigenetic markers that

might mediate these effects particularly in ethnic minorities.
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3.2.1 Study Population

Participants for this study derived from the NEST cohort, a pre-birth cohort study of
mother-child pairs recruited between 2005 and 2011. Details on recruitment and enrollment
strategies have been described previously (Hoyo !"#$% 30 11; Liu "#$%X012). In brief, to be
eligible for inclusion, participants had to be 18 years or older, English speaking and plan to
deliver the index offspring at Duke University Medical Center. Women intending to move before
the birth of offspring, relinquish custody of the index offspring, or who had been known to be
positive for human immunodeficiency virus (HIV) were excluded. A total of 3,690 eligible
women attending Duke Medicine prenatal clinics were approached and 2,681 consented and
were enrolled. Among the 2,681 women enrolled, we measured the umbilical cord blood CpG
methylation profile for 248 offspring using the Infinium 450K Human Methylation Beadchip.
Within the 248 mother-child pairs, we firstly excluded participants with extreme preterm births
(defined as gestational age <28 weeks) (n = 0), then we sequentially excluded participants with
missing maternal obesity (n = 26), parity (n = 1), maternal smoking status (n = 2), offspring
asthma diagnosis (n = 42), maternal asthma diagnosis (n = 9), breast feeding status (n = 39),
infant birth weight (n = 1) and missing infant gender data (n = 1), resulting in127 mother-child
pairs for further analysis. These variables have been previously reported to be associated with
umbilical cord blood CpG methylation or the development of asthma (Jenkins !"#$%X006;
Dietert, 2011; Reynolds, Jacobsen and Drake, 2013; Merid !"#$%&20). The remaining patients
had complete data on anesthesia exposure populated from the Duke University Hospital
Electronic Innovian! Anesthesia record. They were further subdivided into NHW (n=75) or

NHB (n=52). This study was approved by Duke University Institutional Review Board.
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3.2.2 DNA methylation data processing

Cord blood was collected at delivery and genomic DNA was purified from the buffy coat
and 500 ng aliquots were submitted to the Duke Genome Sciences Core Laboratory for
processing using procedures previously described (Joubert "#$%&014). Purified genomic DNA
specimens were bisulfite-converted using the EZ-96 DNAm kit (Zymo Research Corporation,
Irvine, CA, USA) according to manufacturer instructions. Methylation was measured by
Infinium 450K Arrays.

Raw intensity files were loaded by the -'(/' package to calculate the methylation level at
each CpG as the beta-value and the data were exported for quality control and processing (Aryee
I"#$% 30 14). Beta Mixture Quantile dilation (BMIQ) strategy was used to adjust for intra-array
differences between Illumina Type I and Type II probes (Teschendorff I"#$%&013). Batch effect
(HumanMethylation450 BeadChip plate number) was corrected using the .+-6$" function in
the R package 789 (Leek "#3$% & 12). We excluded 4 samples with gender mismatch based on
principal component analysis of the whole genome DNA methylation profile. Using the
annotations for Illumina's 450k array data (Hansen, 2016), we also removed 16,998 probes
containing SNPs, 543 probes with a SNP in the single-base extension site, and 11,458 probes
mapping to the sex chromosomes. Beta values were considered as outliers and were removed if
they were below ! | " #$ %!&orabove! » ' #3$ %!& where! |, ! . and %!& stand for the first
quantile, third quantile and the interquartile range between ! » and ! |, respectively; a total of
383,235 beta-values were excluded as outliers. Beta values with detection p-value >0.05 were
also removed to filter out probes with poor signal. We further excluded 42,224 probes that were

missing in >10% of the samples, leaving a total of 414,289 CpG probes for further analysis.
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3.2.3 Assessment of anesthesia exposure

The data on anesthesia drugs and exposure extracted and used to populate the NEST
cohort have been previously described (Huang !"#$%#)20). Briefly, we extracted dosage data of
local anesthetics, opioids, antiemetics, antibiotics and vasopressors administered to the mother
during delivery. The duration of anesthesia exposure was defined as the time from the placement
of neuraxial anesthesia (epidural, spinal or combined-spinal epidural) to the time of the delivery
of the baby. Both time points were extracted from the electronic anesthesia records. For this
analysis, we limited the anesthesia exposure to the duration of exposure to epidural anesthesia
based on the results of our prior work which demonstrated that the duration of epidural
anesthesia exposure was associated with a significant reduction in the odds of developing
childhood asthma in males (Huang !"#$%®020). We also adjusted for the spinal administration of
local anesthetics and opioids since this was also associated with a reduction of asthma in both
sexes.
3.2.4 Assessment of covariates and childhood asthma

Questionnaire data were used to assess maternal sociodemographic data which included
educational level, race/ethnicity, gestational age at delivery, history of asthma, history of
smoking and pre-pregnancy obesity. Medical records were used to obtain data on weight gain
during gestation, delivery route and birthweight. Questionnaires administered during the
postnatal period were used to obtain information on the duration of breastfeeding and asthma
diagnosis—these were verified using medical records.

Childhood asthma was categorized as a dichotomous variable and the diagnosis of

childhood asthma was based on an algorithm developed using a combination of billing and
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prescription records, and two questions from a follow-up questionnaire, i.e., (1) “What was the
outcome of your child’s doctor visits? Normal/Concerns, and if there are Concerns, specify?”
and (2) “Was the child diagnosed with any condition by his/her doctor? Yes/No.” Supporting the
validity of this algorithm, the accuracy compared with a full medical records review was >99%,
and the prevalence was consistent with the known prevalence of asthma in 5-9 year old children
(Sarah E Reese !"#$%®019).
3.2.5 Statistical analysis

To account for the cell-type heterogeneity in DNA methylation, we estimated the cell
type proportions using the method of Houseman !"#$%BRouseman !"#$%®12), implemented by
1"-$"1.1%%.+)(", function of -'(/' package using the cord blood reference panel of Bakulski
et al. (Jaffe and Irizarry, 2014; Bakulski "#$%&16). Then for each CpG site, we obtained the
residualized beta values adjusting for cell type proportion using linear regressions for
downstream analyses.

To evaluate the association between childhood asthma and epidural anesthesia duration,
we used the following logistic regression model:

O0*+,-./01 2345781 9,' 94" 9% :¢ (3.1)
where O is an indicator variable of the occurrence of childhood asthma, ()*+,/; 71

<:§’I(—,7 is the logit function, 4 is epidural anesthesia duration in hours, 6 is confounders, 9’s

are the corresponding regression coefficients and superscript ' represents transpose operation. In
race-stratified analysis, confounder 6 included spinal anesthesia administration, gender, maternal
asthma, maternal smoking, maternal obesity, maternal age at delivery, maternal gestational
weight gain, maternal education, birth weight, breastfeeding status, delivery route and gestational

age at delivery. In race-combined analysis, 6 included the above-mentioned confounders plus
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maternal race and the interaction term between race and duration of exposure to epidural
anesthesia.
To identify CpGs that mediate the association between childhood asthma and duration of
exposure to epidural anesthesia, we considered the following models:
@1LA' Ad4' A%’ 0 (3.2)
O*+,-./01 2781 B,' G@' G4' C%"' :. (3.3)
where @ is beta values of a CpG; O and 6 are the same as in Model (3.1); A’s and C’s are
the corresponding regression coefficients in Models (3.2) and (3.3), respectively. First, we
conducted epigenome-wide mediation analysis for all 414,289 CpGs using Model (3.2) and
Model (3.3) and identified promising CpGs for further follow-up analyses. For a given CpG, we
obtained the mediation p-value using the joint significant method (Barfield !"#$%®017), i.e.,

.+~ 1 DEF?.y &« 7 with.y, and .. ?he p-values for coefficients A and G, respectively.

The joint significant method has been shown to have improvements in power (Barfield "#$%&
2017; Gaynor, Schwartz and Lin, 2019). Given our small sample size, we would have limited
power with the Bonferroni multiple testing correction; we instead considered the top 20 CpGs
with smallest mediation p-values as “promising” and focused on them for further follow-up as
previously recommended by others (Barfield "#$%&)17; Gaynor, Schwartz and Lin, 2019).
Next, for the top 20 promising CpGs, we estimated the mediation effects, direct effects and total
effects using the R package -!:'$"+(  via bootstrap method with 5000 random draws (Tingley,
Dustin, Teppei Yamamoto, Kentaro Hirose, Luke Keele, 2014). In the NHB group, we also
examined the results of Model (3.2) to explore how the epidural anesthesia duration may affect
DNA methylation profile in umbilical cord blood. All statistical analysis were conducted in R

version 4.2.0 (Team and others, 2013).
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3.2.6 Functional analysis

For each of the top CpGs mediating the association between epidural duration and asthma
in NHB group, we identified the gene(s) that harbored or were within 50kb near the CpG and
formed the “mediation” gene set. We repeated the same steps for the top CpGs associated with
epidural duration in the NHB group and generated the “association” gene set. Given a gene set of
interest, we identified canonical pathways and disease phenotypes enriched by these genes using
Ingenuity Pathway Analysis (IPA). We replicated the enrichment analysis via Enrichr, using
libraries including Kyoto Encyclopedia of Genes and Genomes (KEGG) 2021 Human, Gene
Ontology (GO) 2021, Human Phenotype Ontology (HPO), PheWeb 2019 and dbGaP database
(Kuleshov et al., 2016). Tissue-specific expressions of the mapped genes were examined using

Genotype-Tissue Expression (GTEx) database (https://gtexportal.org/home/).

#,IF62*0&2
3.3.1 Characteristics of study population and univariate analysis

The characteristics of our study population are represented in Table 3.1. Of the 127
mother-child pairs, 75 (59.1%) were NHB and 52 (40.9%) were NHW. About 15.7% of children
born to NHB women were diagnosed with asthma, whereas only about 5.5% of children born to
NHW were diagnosed with asthma. The mean (SD) age of asthma onset in the offspring was 6.8
(1.3) years. Our preliminary analyses revealed an association between maternal smoking and
childhood asthma in the NHW population (p < 0.007) as previously reported (Li "#$%05;
Moradzadeh "#$%&018). While we didn’t observe significant associations between childhood
asthma and sex, maternal asthma, maternal obesity, maternal gestational weight gain, maternal

education, birth weight, breastfeeding status, delivery route or gestational age (Table 3.1), these
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factors were nonetheless adjusted for in subsequent analysis considering previously reported
associations (Hakansson and Kallén, 2003; Jenkins !"#$%&006; Dietert, 2011; Thakur "#$%&
2013; Merid !"#$%2020). Table 3.2 shows the difference of the characteristics between NHB

and NHW women.
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Table 3.1: Characteristics of study population and univariate analysis.

NHB (N = 75, 59.1%)

NHW (N = 52, 40.9%)

Asthma Normal a Asthma Normal a
(N=20) (N=55) Pvalue (N=7)  (N=45) Pvale
Child's Female 8(40.0) 30 (54.5) 1(143) 19 (42.2)
gender (%) Male 12(60.0) 25(455)  0.268 6(857)  26(57.8) 0.187
Gestational < adequate 3(15.0) 7 (12.7) 0 7 (15.6)
weightgain® (%) jjequate  3(15.0) 16 (29.1)  0.376 0 11 (24.4) 1.000
>adequate 14 (70.0) 32(58.2)  0.978 7(100.0) 27 (60.0) 0.996
Maternal age at 25.25 27.51 0.163 27.71 31.38 0.134
delivery (years) (SD) (6.52) (5.96) (4.61) (5.99)
Gestational age in 38.25 38.32 0.889 38.71 39.31 0.292
weeks (SD) (1.75) 2.17) (1.57) (1.36)
Parity (%) 0 5(25.0)  7(12.7) 2(286) 19 (42.2)
5(25.0) 18(327)  0.222 2(286)  15(33.3) 0.823
2 7(35.0) 11(20.0)  0.879 3 (42.9) 9 (20.0) 0.248
>2 3(15.0) 19(345)  0.077 0 2 0.996
Maternal < high 4 (20.0) 9(16.4) 0.713 1(14.3) 1(2.2)
education (%) school
High school 16 (80.0) 46 (83.6) 6(85.7)  44(97.8) 0.178
or more
Maternal No 10 (50.0) 31 (56.4) 1(14.3) 35 (77.8)
smoking (%) Yes 10 (50.0) 24 (43.6)  0.625 6(857)  10(222)  0.007
Maternal No 15 (75.0) 46 (83.6) 6 (85.7) 40 (88.9)
asthma (%) Yes 5(25.0)  9(164)  0.399 1(143)  5(11.1) 0.807
Maternal No 12 (60.0) 35 (63.6) 6 (85.7) 34 (75.6)
obesity © (%) Yes 8(40.0)  20(36.4) 0.774 1(14.3) 11 (24.4) 0.559
Breast- No 11(55.0) 31 (56.4) 3(42.9) 12 (26.7)
feeding (%) Yes 9(45.0) 24(436) 0916 4(57.1)  33(73.3)  0.386
Delivery Vaginal 14 (70.0) 36 (65.5) 3 (42.9) 33(73.3)
route (%) Cesarean  6(30.0) 19(345) 0712 4(571)  12(267) 0120
Birth <4kg 19(95.0) 50 (90.9) 6(85.7)  41(91.1)
weight (%) >=4kg 1(5.0) 591 0569 1(14.3) 4(8.9) 0.656

Categorical variables were summarized by mean (standard deviation) and continuous variables
were summarized by sample size (percentage).
a P-values correspond to univariate logistic regression. Analysis was conducted in NHB and

NHW group separately. For categorical variables, the first level was used as reference.

b Defined by the categories of Institute of Medicine (IOM).
¢ Maternal obesity is defined by maternal BMI > 30 kg/m2.
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Table 3.2: Comparison of the characteristics of study population between NHB and NHW
population.

I NHB NHW
(N =75) (N=52)  Pvalues

Childhood Asthma 20 (26.7) 7 (13.5) 0.082
asthma (%) Normal 55 (73.3) 45 (86.5)
Child's Female 38 (50.7) 20 (38.5) 0.207
gender (%) Male 37 (49.3) 32 (61.5)
Gestational < adequate 10 (13.3) 7 (13.5) 0.868
weight gain (%) adequate 19 (25.3) 11 (21.2)

> adequate 46 (61.3) 34 (65.4)
Maternal age at 26.9 30.9 3.8E-04
delivery (years) (6.15) (5.92)
(SD)
Gestational age 38.3 (2.05) 39.2 (1.39) 0.003
in weeks (SD)
Parity (%) 0 12 (16.0) 21 (40.4) 0.002

1 23 (30.7) 17 (32.7)

2 18 (24.0) 12 (23.1)

>=3 22 (29.3) 2 (3.8)
Maternal < high school 13 (17.3) 2(3.8) 0.025
education (%) High school 62 (82.7) 50 (96.2)

or more
Maternal No 41 (54.7) 36 (69.2) 0.139
smoking (%) Yes 34 (45.3) 16 (30.8)
Maternal No 61 (81.3) 46 (88.5) 0.329
asthma (%) Yes 14 (18.7) 6 (11.5)
Maternal No 47 (62.7) 40 (76.9) 0.120
obesity ¢ (%) Yes 28 (37.3) 12 (23.1)
Breast- No 42 (56.0) 15 (28.8) 0.004
feeding (%) Yes 33 (44.0) 37 (71.2)
Delivery Vaginal 50 (66.7) 36 (69.2) 0.848
route (%) Cesarean 25 (33.3) 16 (30.8)
Birth <4kg 69 (92.0) 47 (90.4) 0.758
weight (%) >=4kg 6 (8.0) 5 (9.6)

Categorical variables were summarized by Mean (Standard Deviation)
and continuous variables were summarized by Sample size (Percentage).
": p-values were computed by Fisher's exact test for categorical variables
and t-test for continuous variables.

# Defined by the categories of Institute of Medicine (IOM).

$: Maternal obesity is defined by maternal BMI > 30 kg/m?2.



3.3.2 Distribution of duration of exposure to epidural anesthesia at delivery

Figure 3.1 shows the distribution of duration of exposure to epidural anesthesia at
delivery in NHB and NHW women. Overall, the duration of maternal exposure to epidural
anesthesia was longer for NHW (median = 8.20 hours, IQR = 4.27-14.14 hours) compared to
NHB (median = 6.88 hours, IQR = 3.22-11.80 hours, Wilcoxon rank sum test p-value = 0.14,
Figure 3.1a). Surprisingly, children without asthma that were born to NHW women had a
shorter median duration of exposure to epidural anesthesia (median = 8.00 hours, IQR =4.15-
13.40 hours) than those diagnosed with asthma (median = 14.10 hours, IQR = 5.63-17.00 hours),
whereas children without asthma that were born to NHB women had a longer median duration of
exposure to epidural anesthesia (median = 8.20 hours, IQR = 4.27-12.30 hours) than those
diagnosed with asthma (median = 6.48 hours, IQR = 2.38-10.70 hours, Figure 3.1b). The dose
of drugs administered and the duration of epidural and spinal anesthetics are summarized in

Table 3.3.
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Figure 3.1: Boxplot of duration of epidural anesthesia during delivery in NHB and NHW group.
The points indicate duration of maternal exposure to epidural anesthesia (in hours) during
delivery. a. Overall distribution of the duration of epidural anesthesia in NHB and NHW. b.
Grouped by the childhood asthma. Children diagnosed with asthma are shown in blue, those

without asthma are shown in orange.
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Table 3.3: Summary of the dosage of drugs administered and the duration of epidural and spinal
anesthetics for delivery.
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3.3.3 Association between the duration of exposure to epidural anesthesia and childhood

asthma

These differences in the distribution of the duration of exposure to epidural anesthesia

and childhood asthma between NHB and NHW persisted after adjusting for potential

confounders — maternal asthma, maternal smoking, maternal obesity, maternal age at delivery,
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maternal gestational weight gain, maternal education status, birth weight, gender of the offspring,
breastfeeding status, delivery route, spinal anesthesia administration and gestational age at
delivery (Figure 3.2). The duration of exposure to epidural anesthesia was not associated with
asthma risk among participants when the NHB and NHW population were combined. However,
the duration of exposure to epidural anesthesia was associated with a marginally lower risk of
asthma for children in NHB [odds ratio (OR) = 0.88, 95% confidence interval (CI) = 0.76-1.01],
for each one hour increase in the exposure to epidural anesthesia (Figure. 3.2). Since parity may
shorten the length of the second stage of labor, and the rates of multiparity were also different
between the two groups, we performed a sensitivity analysis adjusting for parity (Greenberg !"#
$%&006). Similar results were observed for the association of the duration of exposure to
epidural anesthesia with the risk of asthma in the NHB group [OR = 0.85, 95% CI = 0.73-1.00].
This association was not apparent in NHW, with OR (95% CI) of 1.38 (0.85-2.23) suggesting a
lack of a risk reducing effect and intriguingly possibly an opposite effect of the duration of

exposure to epidural anesthesia on the development of childhood asthma in the NHW population.
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Figure 3.2: Association between duration of exposure to epidural anesthesia and childhood
asthma in different analysis scenarios. Multiple logistic regression was used to evaluate the
association, adjusting for spinal administration, gender, maternal asthma, maternal smoking,
maternal obesity, maternal age at delivery, maternal gestational weight gain, maternal education,
birth weight, breastfeeding status, delivery route and gestational age. In combined analysis, we
also adjusted for maternal ethnicity. In combined analysis with interaction, we further included
an interaction term between maternal ethnicity and epidural duration. The points indicate the
odds ratio of developing asthma per 1 hour increase of duration of epidural anesthesia under
given analysis scenarios. Horizontal lines are 95% confidence intervals. Vertical dotted line

indicates the position with odds ratio equal to 1.

3.3.4 Mediation analysis of umbilical cord blood DNA methylation

Next, we identified cytosine methylation markers (measured in umbilical cord blood-
derived DNA) associated with duration of exposure to epidural anesthesia and determined if
these methylation markers mediated the association between duration of exposure to epidural
anesthesia and childhood asthma in NHB, with the joint significant method was used to obtain
mediation p-values (Barfield "#$%®017). As expected with our limited sample size, none of the
CpG sites survived the Bonferroni correction for multiple comparison at the 0.05 level of
significance. Thus, we focused on the 20 most significant CpGs, after which there was an

inflection point of the ordered mediation p-values obtained using the joint significant method
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(Figure 3.3). For these top 20 CpG sites, we performed more comprehensive mediation analysis,
and the effect sizes were summarized in Table 3.4.

Table 3.4 shows that all of the 20 top CpGs had mediation effects with p-value G0.014.
For example, cg17437770, mapping nearby ;$,<2=#>+-$'(#=$-'%?#0!-@*#A9#B;97<2=A9CD#
significantly mediated the association between duration of exposure to epidural anesthesia and
asthma risk. The total effect (log(OR) = -0.0225 p-value 0.0472) indicates that duration of
exposure to epidural anesthesia is associated with a decreased risk of childhood asthma when not
accounting for the methylation status at cg17437770. The indirect effect of duration of exposure
to epidural anesthesia via cg1 7437770 on asthma i.e., log(OR) = 0.0120 (p-value 0.0052),
suggests that hypomethylation of the cg17437770 mediates these associations. The ratio of
indirect effect to total effect, also known as mediation ratio, is -0.4962, where the absolute value
indicates the relative magnitude of indirect effect via cg17437770 is about 50% of the total
effect. Similarly, the indirect effect of duration of exposure to epidural anesthesia contributed by
cg14921485 mapping near 7?($E"+"$F-'(#5'G#H#B7148bh asthma risk is log(OR) =-0.0131
(p-value 0.0064), suggesting the same direction as total effect. The mediation ratio (0.5490) also
suggested that about 55% of the total effect is mediated via cg14921485.

As seen in Table 3.4, of the 20 CpGs investigated, 10 CpGs indicated consistent
mediation, i.e., the same direction of indirect effect and direct effect; the 10 CpGs with
consistent mediation also showed the same direction of indirect effect and total effect, with an
average mediation ratio equal to 0.519. The 10 CpGs with inconsistent mediation effects had an
average mediation ratio of -0.444. The 20 CpGs were scattered in different genomic positions
with no sign of high correlation (HIJ+KL/M7 1 N®I2R where Mis pairwise Pearson correlation

coefficient; see Figure 3.4). #
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Since inconsistent mediation may result in a nonsignificant total effect because the direct
and indirect effects cancel each other out (MacKinnon, Krull and Lockwood, 2000), we
replicated the mediation analysis in the NHW group despite not observing any significant
association between duration of exposure to epidural anesthesia and childhood asthma in this
group. However, none of the CpGs tested showed any significant mediation effect at a nominal

significance level of 0.1.
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Figure 3.3: Plot of top 100 composite mediation p-values in NHB group. Vertical dashed line
indicated the position of the 20th CpG.
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Figure 3.4: Pairwise Pearson correlation plot of top 20 CpGs with strongest mediation effect in

NHB population.
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Table 3.4: Causal mediation analysis of top 20 CpGs with smallest mediation p-values in NHB.

J0&J* 1 i} 9),06! =->+&/%, ?24+&/<) @0,+)));1=->+&/
"HE | "%&'()*+,+)4 -/ ’! 1236067/*8! RN < 11 RN 55:1<,1,)19),06!
2#56067/8 2#56067/8 2#56067/8 wl<, !
<ABCDECU( <%&BFDEGHF "#3%&" !' 4IFHEK 4JFGGH!2FJFR FJFBGF!2FJFFI4JFEDH!2FJFI FJDLKG!
<ABDLGBLE <%&K'BHIKHF  #()*+!! FIFGIE 4JFGEE!I2FJFI 4JFBEB!2FJFFI4JFBFGI2FJEL FJHDLF
<ABFEIEIQ <%&K'GIIKDDI ! *+ !l FJFFCB 4JFGDE!2FJF FJFBBII2FIFFK 4JFEKB!2FJFF 4JDDHE
<AFGFKIE! <%&H'BFCLCL &9 FJFFIL  4JFGCF!I2FJF 4JFBGD!2FJFF 4~ JFBDRFIBDH FIDHCK
<AGFIKDKI<%&L'BEFFGH $"l-*+ | FIFFR  AJFBII'2FJIFIG 4IFBGLI2FIFFI4JFFHLI2FIHL FIKDEB
<AFCIHCGI<%&BK'CCIGE .")* ! FIJFFLL 4JFGFKI2FJF( 4JFBFCI2FIFFI4JFFLLI2FIEC FIDLRG
<ABGCLG(C<%&BD'GKFCI */-012+13'! FJFBCC 4JFGGC!2FJF FJFBFE!2FJFBF 4JFEEF!I2FJFE 4IDGFB
<AFFEFFA <%&GKLLGC 04,52 ! FJFBDH 4JFGGD!2FJR FJFBFD!2FJFBI4JFEGI!12FJFR FIDGGI
<AFDLEFH <%&C'BGCLC 6-07'! FIJFFCG 4JFGHK!2FJF FJFBBF!2FJFBF4JFEKKI2FJFE 4JDFDB
<ABGCEGI <%&K'EBHLID 102" ! 4IFBGG 4JFBLCI2FJFI 4JFFLCI2FIFBI4JFBFFI12FJEK FIDKHL
<AFGKLFLI<%&BB'EHKIE! )!/488 ! FJFBDL 4JFGGCI!2FJR FJIFBFH!2FJFBE4IFEEG!2FJFI 4JDEGL
<AGFLDDB <%&B'GFGLCC 0(9:I" ! #IFEB 4 JFGEKI2FJFI 4JFFLDI2FIFBI4JFBDE!2FJIBI( FJEIEB
<ABEFEKH <%&K'EFDKRI ;*" %% FJFGBI 4JFGHF!2FJFI FJFBFI'2FJFBB 4~JFEHI!2FJFH 4JELKE
<ABDEIBLI<%&C'BHDKID  =,,3 ! &JFELK 4JFBLC!2FJFC 4JFBBC!2FJFB 4JFFIF!12FJDA FIHKEF
<ABGHLDK <%&G'BFBKDE )90'=> ! FJFBUD 4JFGFF!2FJFI FIFBGG!2FJFB 4JFEGG!2FJF FJHKBC
<AGFFGHC<%&C'BGIIGLL  #47?! FJFFLL 4JFBLK!2FJFE FJIFBFH!2FJFB(4JFEFB!2FJFR FJIDIHG
<ABHLGLR <%&K'EEGKC g%)/o%l FIJFGCB 4JFGBL!2FJF} 4JFBFE!2FJFBI4JFBBKI2FJE( FIDHBL
<AFIEHDLF <%&K'EGIFEF "#%) ! 4JFFDE 4JFGEC!2FJF FJIFFLK!2FJFBE 4~JFEEG!2FJFF FIECKG
<AGGDGDI<%&BG'HEDFL  *+,-%'! FJFBBK 4JFGFBFJFHC 4-JFBDHI2FJFB 4 JFFHC!2FJH! FJCFIL
<AFCFBIDE<%&B'GDKIKR .//$01 !'! 4JFCGC4JIFGFE!2FJFI 4JFBFG!2FJFB 4JFBFBI!2FJEF} FIJDCDG

" A(B-values) were the difference between mean residualized cord blood DNA methylation beta-
values of children diagnosed with asthma and children not diagnosed with asthma.
% Genes were located nearby the corresponding CpGs within 50kb.

3.3.5 Association between umbilical cord blood DNA methylation and duration of exposure

to epidural anesthesia in NHB group

To explore how the duration of exposure to epidural anesthesia may affect umbilical cord

blood DNA methylation, we revisited the epigenome-wide association results of Model (3.2). In

total, 2066 CpGs were associated with duration of exposure to epidural anesthesia with nominal
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p-values <0.01, but again, none survived the Bonferroni multiple test correction level of 0.05,

leading us to again focus on the 20 CpGs with the strongest associations.

3.3.6 Functional analysis

For the 21 genes mapped by the top 20 CpGs showing the most significant mediation
effects between duration of exposure to epidural anesthesia and childhood asthma in NHB, we
identified canonical pathways, Gene Ontology (GO) terms, and diseases significantly enriched
by these genes (FDR < 0.05) using Ingenuity Pathway Analysis (IPA) and Enrichr. From the GO
library, we identified enriched molecular function terms including MHC class I protein binding
and TAP1 binding, and Cellular Component terms involving MHC protein complex (Figure
3.5a). Combining GO, IPA, and KEGG pathway analysis, we found enriched pathways mainly
engaged in antigen processing, antigen presentation and protein ubiquitination (Figure 3.5b).
Using different sources of human phenotype database, we discovered multiple associated
diseases, including Immunological Disease, Inflammatory Disease, Chronic Sinusitis, Bronchitis,
Bronchiectasis and Type 1 Diabetes Mellitus (Figure 3.5¢). Regulatory network associated with
the mapped genes are shown in Figure 3.6a, in which MHC class I complex and J=G6 complex
were identified as regulatory hubs. Using GTEx database, we found abundant expression of
K5912, 49M6Mdhd 49MNgene in lung tissue (see Figure 3.7a).

For the 11 genes mapped by top 20 CpGs associated with the duration of exposure to
epidural anesthesia in the NHB group, we found enriched pathways including Basal Cell
Carcinoma Signaling and Epithelial Adherens Junction Signaling, and associated disease and
human phenotypes including Palpitations, Atrial Fibrillation, Arrhythmia and Hypothyroidism.

The hubs of associated regulatory networks included insulin and J=G6 complex (Figure 3.6b).
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Using the GTEx database, abundant expression of O.J9P and 7Q5K were identified in aorta,

atrial appendage and lung tissue (see Figure 3.7b).
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Figure 3.5: Enrichment analysis of the 21 genes mapped by the 20 CpGs showing strongest
mediation effect in NHB group. a. GO terms; b. IPA canonical pathways and KEGG pathways;
and c. diseases and human phenotype ontology terms. The vertical dotted line indicates the

position with FDR equal to 0.05.
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Figure 3.6: Regulatory network generated by IPA. Nodes are molecule names with shapes
representing the type of molecule and interaction. Shaded shapes are mapped genes in our
analysis and open shapes represent molecules are not present in our dataset but placed by IPA
due to their interactions with our mapped genes. a. IPA network associated with the genes
mapped by the top 20 mediating CpGs. b. IPA network identified by the genes mapped by the

top 20 CpGs associated with duration of exposure to epidural anesthesia.
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Figure 3.7: Expression of mapped genes in lung, heart and artery tissue. Expression profiles
were retrieved from GTEx database a. Expression of genes mapped by top mediation CpGs in
NHB population. b. Expression of genes mapped by top CpGs associated with epidural

anesthesia duration in NHB population.
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In spite of the widespread use of neuraxial anesthesia for intrapartum pain relief during
labor, limited studies have investigated its long-term effects on childhood outcomes. The
molecular mechanisms linking maternal anesthesia exposure during delivery and childhood
outcomes also remain unclear although epigenetics is hypothesized to contribute. Our key
findings were: (1) The duration of exposure to epidural anesthesia was longer in NHW than
NHB, but this was not statistically significant, (2) the duration of exposure to epidural anesthesia
at delivery marginally decreased childhood asthma risk in NHB, and (3) this association was in

part mediated by DNA methylation detectable in umbilical cord blood mixed leukocytes.
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In a previous study, we reported a negative association between the duration of epidural
anesthesia and the development of asthma in children at 5 years of age, with the magnitude of
risk showing a sex-specific manner (Huang !"#$%i&020). This study in turn revealed that the
duration of exposure to epidural anesthesia was associated with a marginally lower risk of
asthma in the NHB group, while no significant association was observed in the NHW group,
consistent with previous research showing ethnic disparities between NHB and NHW population
in terms of the development of childhood asthma (Wegienka !"#$%&)12; Assari and Lankarani,
2018; Daya and Barnes, 2019; Sitarik !"#$%&20; Urquhart and Clarke, 2020). Our study also
highlights the shorter duration of exposure to epidural anesthesia in NHB women which, though
not significant, is in keeping with disparities in epidural analgesia use in NHB women previously
reported in the United States (Rust "#$%&04; Glance !"#$%&)07). These healthcare disparities
may in part be due to widely held racial stereotypes about labor pain intensity where NHW
women are thought to experience more severe labor pain than women of color when in reality
women of color experience more severe labor pains (Mathur, Morris and McNamara, 2020). This
results in a double discounting of labor pain in NHB women and other women of color who have
their more severe labor pain both under perceived and under treated when compared with NHW
women (Mathur, Morris and McNamara, 2020). Interestingly, we did not observe any significant
association between the duration of epidural anesthesia and childhood asthma in NHW group,
which may be due to low statistical power given our limited sample size in NHW group (N = 52
and 7 cases of asthma). However, the estimated OR of 1.38 in NHW group suggested a possible
opposite effect of the duration of exposure to epidural anesthesia on the development of

childhood asthma in the NHW population. Taken together our study highlights the potential

61



beneficial effects of epidural anesthesia in NHB women in reducing asthma in their offspring,
yet a threshold effect for the duration of exposure remains unknown.

Epidural analgesia effectively relieves labor pain and is widely chosen by many
parturient women (Hawkins, 2010). Even though studies have shown that epidural analgesia for
labor may be associated with neonatal outcomes, the underlying molecular mechanisms are still
unclear (Leighton and Halpern, 2002; Kearns !"#$%021). In this study, we hypothesized that
the duration of epidural anesthesia during delivery may induce epigenetic alternations in
umbilical cord blood, which may further affect the development of childhood asthma. We
identified several differentially methylated CpGs associated with the duration of epidural
anesthesia at delivery which mapped to genes involved in regulatory networks harboring NFkB
complex, Akt complex, and A-estradiol. These pathways may indirectly point to the role of
epidural anesthesia in attenuating or modulating nociceptive and stress-related pathways
associated with maternal labor pain and the associated maternal and fetal stress responses
(Shnider "#$%®83; OH !"#$%3004; Miller "#$% B0 19). The pathways identified are also
biologically plausible. NFkB, for example, is a key transcription factor in stress regulation and
stress adaptation (Ak and Levine, 2010; Oeckinghaus, Hayden and Ghosh, 2011). Traumatic
stress, which may be associated with labor, may enhance PI3-Akt signaling in the basolateral
amygdala in the brain, leading to the persistence of fear memory and posttraumatic stress
disorder like symptoms (Knox !"#$%&21). NFkB and Akt pathway have been implicated in
both inflammatory and opioid-induced neuropathic pain pathways (Lee ! "#$%@804; Guedes !"#
$%&008; Guan "#$%H15; L. Xu "#$% R 18). Estradiol can modulate nociception and both the
hypothalamic-pituitary adrenal axis and sympathetic nervous system reactivity, which are key

components of the acute neurohumoral stress response to labor that are also influenced by
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prenatal psychosocial stressors and trauma (Frolich "#$%&016; Rieder, Kleshchova and
Weierich, 2021). In summary, our results suggest that the association between the duration of
exposure to epidural anesthesia and umbilical cord blood DNA methylation may influence the
expression of genes involved in pathways that affect the stress reactivity, neurohumoral stress
response and nociception, however these effects on long term childhood outcomes remain
unclear.

Among the 21 genes directly mapping to top 20 CpGs showing mediation effect in the
NHB group, 12 of them were reported to be involved in asthma or acute respiratory disease in
previous studies. Interestingly, one of the 20 mediating CpGs (cg08354908) identified in our
study is also located in the previously reported differential DNA methylation regions associated
with asthma [13]. Abbasi et al. detected over-expression of .?":'(! RS*:'('#0+(+ET+,ET$"#
O'($,'#N#B.OMON@ clinical samples of children with acute respiratory infection (Abbasi !"#$%&
2021). A family-based case-control study discovered that "*'E$*""1#-+"/#U+("$'('(F#VV
B4;W0VVgene may be associated with susceptibility to asthma in the NHB population (Gao !"#
$%&006). A9AMNBOMEMD#KBD and M;;.N9 (also known as 694N) gene are located in the
human leukocyte antigen (HLA) super-locus, which has been associated with diseases such as
asthma, diabetes and various other autoimmune disorders (Shiina !"#$%&009). Interestingly, a
recent study reported that DNA methylation in 46.A>X gene also mediated the association
between body mass index (BMI) trajectory in childhood and asthma in young adulthood, even
though the CpG site was different from the one in our analysis (Rathod !"#$%®021). In recent
studies using remnant bronchoalveolar lavage fluids of children with asthma and mouse models,
inhibition of 70Q#gene reduced inflammation in the airway by blocking the sonic hedgehog

signaling (C. Xu "#$%®018; Yanez !"#$%B021). In addition, differential expression of
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NGH*?2+"UH#"*S(,%$"+(#'("$"+(#/SU"+BRXB=V6@s detected in blood tissue of children
diagnosed with allergic asthma and nonallergic asthma (Raedler !"#$%&015). Both genome-wide
association and gene expression analysis of single-cell RNA sequencing have identified
significant association of ;97<2=A9 with asthma in a cohort of both children and adults
(Johansson !"#$% &) 19; Moghbeli "#$%&21). Both 7145H and ;M5AHgene have also been
differentially expressed between patients with asthma and healthy controls (Persson "#$%®015;
Maghsoudloo "#$%®020). The central nodes of regulatory network identified by our analysis,
i.e. MHC class I complex and NFkB complex regulate immune-related genes and are well-
known participants in the pathophysiology of asthma (Umetsu and DeKruyff, 2006; Rico-Rosillo
and Vega-Robledo, 2011; Wieczorek !"#$% & 17). The overlap in the regulatory networks for
genes associated with duration of exposure to epidural anesthesia and those that have a
significant mediation effect on the development of childhood asthma (e.g. NFkB) demonstrates a
possible link between the effect of duration of exposure to epidural anesthesia on the maternal
stress response to labor, nociception pathways, epigenetic regulation and development of
immunity in the newborn and development of childhood asthma potentially initiated during the
late antepartum and intrapartum periods in NHB.

There is mounting evidence suggesting that exposure to pre- and postnatal psychosocial
maternal stress plays a role in immune system programming or fine tuning in utero to adapt the
offspring to postnatal life with maladaptation implicated in the development of asthma, obesity,
diabetes, heart disease, cancer and mental health disorders (Wright "#$%®010; Wood !"#$%&
2011; Mathilda Chiu !"#$%&)12). Non-hispanic black women are more frequently exposed to
adverse childhood events and other chronic psychosocial stressors throughout their life course

than NHW women and these differences in exposure might in part explain some of the
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disparities in pain perception, the prevalence of childhood asthma, wheezing and other chronic
medical childhood diseases (Borders ! "#$%@&15; Grobman !"#3%®018; Ekeke !"#$%%020).
However, changes in maternal physiology that protect the fetus from the direct adverse effects of
stress-related glucocorticoid hormones alternative pathways may play a role in fetal
programming (Benediktsson "#$%&97). Our findings provide preliminary evidence for the role
of epigenetic mechanisms regulating the expression of genes involved in immune system
programming, but how gestational and stress hormones, catecholamines and immunoregulatory
cytokines initiate these epigenetic changes still needs to be clarified. Furthermore, both acute and
chronic stressors can program immunity in the offspring and determine the duration of its effects.
The latter stages of pregnancy also coincide with the immunocompetence window of
vulnerability (WOV) where the adaptive immune system continues to develop its functional
capabilities with ongoing maturation of the expression of MHC class II molecules on the surface
of monocytes (Jones, Holloway and Warner, 2002; Veru "#$%&)14). With our preliminary
findings that the duration of exposure to epidural anesthesia may reduce the risk of asthma in the
offspring of NHB women through DNA methylation, it is still unclear how these effects are
modified by exposure to psychosocial stressors which in pregnancy may affect maternal stress
reactivity and independently predict pain perception during labor (Drevin !"#$%3015). It is also
unclear if there a threshold level of exposure to epidural anesthesia at which this reduction in
asthma risk is observed. Previous studies examining the effect of epidural anesthesia on maternal
hyperthermia and autism spectrum disorders in the offspring have suggested that a duration of
exposure of around 4-6 hours as a threshold above which adverse effects are observed suggesting
that a hormetic dose-response phenomenon may exist (Fusi "#$%&89; Lieberman !"#$%&97;

Goetzl "#$%&007; Qiu !"#$%X020).
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This study has several limitations. First, due to the small sample size, we are likely
underpowered to achieve family-wise significance from epigenome-wide association analysis.
Instead, the top CpGs with smallest p-values were selected to conduct mediation analysis.
However, functional analysis of the mapped genes showed consistent results with previous
studies, adding preliminary evidence of the mediating role of umbilical cord blood DNA
methylation on the association between the duration of exposure to epidural anesthesia and the
development of childhood asthma. The limited sample size also makes it infeasible to investigate
the partial mediation effect by fitting all mediator CpGs together, but the low correlation
between the top CpGs implied independence of individual mediation effect. Secondly, our
findings were based only on umbilical cord blood samples. Nevertheless, studies have shown
that DNA methylation changes are largely concordant in a broad variety of tissues (Xu and
Taylor, 2013; Stueve !"#$%&17), and abundant expression of K59 [2D#49M6MD#2W=V6D#49MN
and 4;WOW gene in lung, heart and artery tissue were identified by searching the GTEx
database, suggesting our findings in umbilical cord blood samples might be generalized to a wide
range of tissues. Thirdly, in 10 of the 20 CpGs with significant mediation effects identified, the
direct and indirect effects were in opposite directions, implying a complex role of DNA
methylation with the association between the duration of exposure to epidural anesthesia and
childhood asthma development. However, inconsistent mediation should be interpreted with
caution. Future analysis addressing the detailed relationship between the DNA methylation level
of individual CpG and the expression of mapped gene would be helpful in interpreting any
observed mediation effects. Finally, multiple factors, including genetic predisposition
psychosocial factors and environmental exposures, have been implicated in the pathogenesis of

childhood asthma (Noutsios and Floros, 2014). Our data set lacked data on measures of maternal
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psychosocial stressors perinatally and even though we carefully adjusted for the potential
confounders available within our dataset, sibling studies which control for shared environment,
psychosocial factors and genetic predisposition will be needed to further validate the observed
epigenetic mediation effect.

In summary, our findings suggest that the duration of exposure to epidural anesthesia at
delivery was associated with childhood asthma in NHB group and umbilical cord blood DNA
methylation mediated the association. The molecular mechanisms underlying the mediation
involved regulatory pathways related to MHC class I complex, NFkB complex and Akt
signaling. Further systematic studies with large sample size and multiple tissue types are needed
to elucidate the complete perspective of the underlying mechanism of the observed association
and mediation effects with a view to designing and developing interventions and policies to

mitigate as early as possible the risk of asthma development in a high-risk patient population.
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Childhood obesity and overweight is a chronic public growing public health problem.
Racial and ethnic disparities also persist in the childhood obesity problem (An, 2017; Byrd, Toth
and Stanford, 2018). For example, Gopal et. al has shown that 13% of Non-Hispanic White
youths, 24% of Non-Hispanic Black youths, and 23% of Hispanic youths are obese; in addition,
27% of Non-Hispanic White youths, 41% of Non-Hispanic Black youths, and 41% of Hispanic
youths are overweight (Singh, Siahpush and Kogan, 2010). However, Non-Hispanic children
showed lower levels body fat percentage and the volume of visceral adipose tissue than Non-
Hispanic White children (Min "#$%®021). Childhood obesity/overweigh is also a major risk
factor of childhood asthma, and obesity-induced increases in asthma risk can start '(#)"!*+, with
mechanisms involving inflammatory or other changes during pregnancy or early postnatal life
(Malti "#$% 30 14; Peters, Dixon and Forno, 2018). Epigenome-wide association studies also
identified CpG loci in umbilical cord blood associated with adiposity outcomes, even though

consistency across the various adiposity outcomes still need to be tested (Kresovich "#$%&017).
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However, due to the time-varying and often irregular measurements of growth curve in
epidemiology studies, traditional statistical methods to study the association between growth
curve, epigenetic markers and environmental exposures failed to capture the overall picture of
growth pattern. For instance, one common method is to break down the growth curve into
several time points, such as weight at birth or weight change between ages, to evaluate the
association via linear regression models (Bhargava !"#$%®004; Taveras "#3$%&11).
Nevertheless, this approach is not able to evaluate the entire growth curve, and may decrease the
sample size due to the irregular and sparse measurement of growth data. Another method is to
model the growth curve for each individual under the assumption that the population has the
same underlying curve descripted by three parameters: the mean shift (shift on the measurement
of the curve); the tempo shift (shift on timing measurement) and the velocity shift
(shrinking/stretching of time scale) (Cole, Donaldson and Ben-Shlomo, 2010). However, this
model requires a large sample size and a relatively complete observations of measurement. In
addition, the model’s assumption of unique underlying growth curve may be inappropriate under
a mixture population of different ethnic groups.

Considering the issues of modeling growth curve above, we propose to use Functional
Principal Component Analysis (FPCA) to summarize the growth curves followed by regression
analysis using the top principal components. FPCA is useful tool in Functional Data Analysis
(FDA). FPCA smoothing method is particularly suitable for handling sparse data by
summarizing growth curves as functional principal components, which are continuous values
capturing the variations within the original data matrix. In this chapter, we extend mediation
analysis among umbilical cord blood DNA methylation, duration of epidural anesthesia at

delivery and childhood asthma to childhood growth trajectories. We aim to explore: 1) whether

69



the duration of epidural anesthesia at delivery is associated with childhood growth curves in both
Non-Hispanic Black and Non-Hispanic White groups; and 2) whether childhood growth curves

is associated with umbilical cord blood DNA methylation markers.

C#-1<6&7()2
4.2.1 Study Population

Participants for this study derived from the NEST cohort, a pre-birth cohort study of
mother-child pairs recruited between 2005 and 2011. In brief, to be eligible for inclusion,
participants had to be 18 years or older, English speaking and plan to deliver the index offspring
at Duke University Medical Center. Women intending to move before the birth of offspring,
relinquish custody of the index offspring, or who had been known to be positive for human
immunodeficiency virus (HIV) were excluded. Written informed consents were obtained from all
participants. Enrolled mothers were asked to complete questionaries providing information on
sociodemographic factors, lifestyle characteristics, and anthropometrics. At delivery, medical
records and infant cord blood specimens were obtained to assess offspring methylation. Children
were followed up to collect data on anthropometrics, feeding, and lifestyle. This study was
approved by the Institutional Review Board at Duke University Medical Center.
4.2.2 DNA methylation data processing

Cord blood was collected at delivery and genomic DNA was purified from the buffy coat
and 500 ng aliquots were submitted to the Duke Genome Sciences Core Laboratory for
processing using procedures previously described (Joubert "#$%®014). Purified genomic DNA
specimens were bisulfite-converted using the EZ-96 DNAm kit (Zymo Research Corporation,

Irvine, CA, USA) according to manufacturer instructions. Methylation was measured by
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Infinium 450K Arrays. Raw intensity files were loaded by the -'(/' package to calculate the
methylation level at each CpG as the beta-value and the data were exported for quality control
and processing (Aryee !"#$% X 14). Beta Mixture Quantile dilation (BMIQ) strategy was used to
adjust for intra-array differences between Illumina Type I and Type II probes (Teschendorff "#
$%&013). Batch effect (HumanMethylation450 BeadChip plate number) was corrected using the
.+-6$" function in the R package 789 (Leek !"#$%2012).

4.2.3 Assessment of covariates

Among the 232 children with DNA methylation data, weight measurements were
available from age 1 to age 5. In order to get a reliable estimate of children’s growth curve, we
excluded 4 samples with <2 weight measurements and 12 samples showing a decrease of weight,
resulting 213 samples for further analysis. Since the children’s weight measurements were not
recorded strictly at a given age, the sample size was less than 213 if a particular age was
considered. At age 1, 2, 3, 4 and 5, the available weight records were 189, 158, 140, 142 and
148.

Questionnaire data were used to assess maternal sociodemographic data which included
educational level, race/ethnicity, gestational age at delivery, history of smoking and pre-
pregnancy obesity. Medical records were used to obtain data on weight gain during gestation,
delivery route and birthweight. The data on anesthesia drugs and exposure extracted and used to
populate the NEST cohort have been previously described (Huang !"#$%3020). Briefly, we
extracted dosage data of local anesthetics, opioids, antiemetics, antibiotics and vasopressors
administered to the mother during delivery. The duration of anesthesia exposure was defined as

the time from the placement of neuraxial anesthesia (epidural, spinal or combined-spinal
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epidural) to the time of the delivery of the baby. Both time points were extracted from the
electronic anesthesia records.
4.2.4 Functional principal component analysis

FPCA smoothing method is ideal for handling sparse data by smoothing the sample
covariance functions (Xiao !"#$% 30 16). For subject +1 25Q89. ,let4 1 /4 ;54 ,5Q54,7
denotes the individual’s weight curve, where 4, 1 4 /, 7 stands for the weight measurement of
+th individual at time , . Assuming that each weight curve is a squared integrable random
function of time, the mean R/, 7 and covariance between time , and Swillbe R/, 71 T/4/,77
and U/S571 V)W 4/, 74/S77. Based on the Mercers’s theorem, the covariance of weight

trajectory can be decomposed as:

1

U571 2X Yy9/S0/, 75
02!

where Yy are eigen-values and 9, are corresponding eigen-functions. Then, the individual weight

curve can be smoothed by Karhunen-Loeve expansion (Happ and Greven, 2018):

1
4/,71 R/,7' X 2090/,7' :./5
02!

where Z are the functional principal components (FPC) and : ; are the random errors with
identical and independent normal distribution. Zg I"#$1%&#' | &()#*!+,!-1# V#01# 2&! & () #*!+,1+"&!
2,00&%3,".1'41&14&'[#*) & 5'Z can be further expressed as:

Zo17-4/,7" R,79/,73,.
Under the assumption of FPCA, individual weight curve follows the mean curve R/, 7 with

individual effect\ ¢ Zy 9/, 7, therefore functional principal components Z, can serve as the
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summary of weight curve, which retains individual’s weight information. In this chapter, the
FPCA were implemented via the [EU$& function in *!//)(: R package.
4.2.5 Association analysis

To explore the association between the duration of epidural anesthesia at delivery and
childhood weight, we firstly considered the weight records of children at each age from age 1 to
age 5 separately. Then, we used the top functional principal component obtained by the FPCA of
the overall weight measurements to investigate the association. Linear regression was used
evaluate the association between childhood weight records and duration of epidural anesthesia,
adjusting for sex, delivery route, maternal weight gain, maternal smoking status, maternal age at
delivery, maternal education level and breastfeeding status. We replicated the association
analysis by converting the weight record to a binary variable of overweight/obesity, defined by
the 85% percentile or greater of the weight records or functional principal component of weight
curves. Logistic regression was used to evaluate the association between overweight/obesity and
the duration of epidural anesthesia at delivery adjusting for the same set of covariates. For each
set of association analysis, we considered pooled analysis including both black and white
population, as well as stratified analysis in each population separately. In pooled analysis, we
also adjusted for ethnicity.

Epigenome wide association analysis (EWAS) was used to explore the association
between childhood weight and cord blood DNA methylation. To account for the cell-type
heterogeneity in DNA methylation, we estimated the cell type proportions using the method of
Houseman !"#$%Bouseman !"#$%®012), implemented by !,"'-$"1.1%%.+)(", function of -'(/'

package using the cord blood reference panel of Bakulski et al. (Jaffe and Irizarry, 2014;

73



Bakulski "#$%®16). Then for each CpG site, we obtained the residualized beta values

adjusting for cell type proportion using linear regressions for downstream analyses.

C#;!F62*0&2
4.3.1 Characteristics of study population

Descriptive statistics of the study population of the all participants across age 1 to age 5
are shown in Table 4.1. Of the total 213 mother-child pairs included in this analysis, 113
(53.1%) were black and 100 (46.9%) were white. The number of children revisited from age 1 to
age 5 varied from 140 (at age 3) to 189 (at age 1). The statistics (proportion for categorical
characteristics and mean for continuous characteristics) remained similar for each follow-up
across age 1 to age 5 (Table 4.1). Table 4.2 shows the difference of the characteristics between
black and white group in our study population. Our preliminary analyses revealed that maternal
education was marginally associated with race/ethnicity (p-value < 0.058, Table 4.2). Univariate
logistic regression analysis found that race/ethnicity was significantly associated with maternal
smoking status (p-value < 0.022) and breastfeeding status (p-value < 0.003) in our study
population (Table 4.2). Simple linear regression analysis showed a significantly higher maternal
age at delivery in white group (mean = 30.4 years) than in black group (mean = 26.9 years old,

p-value < 8.5e-5, Table 4.2).
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Table 4.1: Characteristics of study sample at children’s age 1 to 5.

Overall 1 year 2 years 3 years 4 years 5 years
Sample size (N) 213 189 158 140 142 148
Sex, N (%) Female 110 (51.6) 97 (51.3) 78 (49.4) 68 (48.6) 69 (48.6) 73 (49.3)
Male 103 (48.4) 92 (48.7) 80 (50.6) 72 (51.4) 73 (51.4) 75 (50.7)
Race, N (%) Black 113 (53.1) 104 (55.0) 84 (53.2) 74 (52.9) 83 (58.5) 83 (56.1)
White 100 (46.9) 85 (45.0) 74 (46.8) 66 (47.1) 59 (41.5) 65 (43.9)
Maternal education, N
(%) < high school 20 (9.4) 16 (8.5) 17 (10.8) 14 (10.0) 14 (9.9) 14 (9.5)
High school or
more 193 (90.6) 173 (91.5) 141(89.2) 126(90.0) 128(90.1) 134 (90.5)
Maternal smoking, N
(%) No 137 (64.3) 124 (65.6) 102 (64.6) 85 (60.7) 93 (65.5) 92 (62.2)
Yes 76 (35.7) 65 (34.4) 56 (35.4) 55 (39.3) 49 (34.5) 56 (37.8)
Delivery route, N (%) Vaginal 154 (72.3) 137 (72.5) 114(72.2) 106 (75.7) 101 (71.1) 105 (70.9)
Cesarean 59 (27.7) 52 (27.5) 44 (27.8) 34 (24.3) 41 (28.9) 43 (29.1)
Gestational weight gain,
N (%) < adequate 25 (11.7) 19 (10.1) 20 (12.7) 15 (10.7) 15 (10.6) 16 (10.8)
adequate 48 (22.5) 43 (22.8) 36 (22.8) 29 (20.7) 29 (20.4) 36 (24.3)
> adequate 140 (65.7) 127 (67.2) 102 (64.6) 96 (68.6) 98 (69.0) 96 (64.9)
Breastfeeding status, N
(%) No 40 (18.8) 31 (16.4) 23 (14.6) 26 (18.6) 27 (19.0) 32 (21.6)
Yes 173 (81.2) 158(83.6) 135(85.4) 114 (81.4)  115(81) 116 (78.4)
Maternal age, mean (SD) 28.5(6.4) 28.7(6.4) 29.4(6.4) 28.8(6.4) 29.4(6.7) 29.0 (6.6)
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Table 4.2: Characteristics of study sample between Black and White population.

Black White
(N =113, (N =100, p-value a
53.1%) 51.6%)
Sex, N (%) Female 59 (52.2) 51 (51.0)
I Male 54 (47.8) 49 (49.0) 0.86
Maternal education, N (%) < high school 15 (13.3) 5(5.0)
I High school or more 98 (86.7) 95 (95.0) 0.058
Maternal smoking, N (%) No 63 (55.8) 71(71.0)
I Yes 50 (44.2) 29 (29.0) 0.022
Delivery route, N (%) Vaginal 84 (74.3) 70 (70.0)
I Cesarean 29 (25.7) 30 (30.0) 0.481
Gestational weight gain, N (%) < adequate 12 (10.6) 13 (13.0)
I adequate 26 (23) 22 (22.0) 0.617
> adequate 75 (66.4) 65 (65.0) 0.608
Breastfeeding status, N (%) No 30 (26.5) 10 (10.0)
I Yes 83 (73.5) 90 (90.0) 0.003
Maternal age, mean (SD) 26.9 (6.2) 30.4 (6.1) 8.5e-5

T H5%& ()1*+,, ()-+ /1047 1$%, 1%0(1&+21)01*, (2, () 1+.3114+, %060 (2+, 1*%6&1$%, 1 %5&()6107 (181, ) 0! &($(&!
9%)!")(1'%)!,(8(,(.*(3 !
4.3.2 Functional principal component analysis of childhood weight curves

Since the annual follow-up measurements of weight data on children were collected at
different time points and contained a large proportion of musings, the weight records were
irregular and sparse (as shown by the original weight measurements in Figure 4.1). FPCA
smoothing method was used to summarize the weight curves as functional principal components,
which are continuous values capturing the variations within the original data matrix. We
obtained first two functional principal components capturing >99.9% of the total variance in the
original weight data. The first functional principal component explained 95.78% of the total
variance and the second functional principal component explained 4.22% of the total variance
(Figure 4.2a). The two eigenfunctions are shown in Figure 4.2b. The first functional principal

component in our analysis captured the overall tendency towards overweight/obesity of the
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children (Figure 4.3). In general, children with higher value of first functional principal

component showed larger weight records (Figure 4.4).
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Figure 4.1: Plot of childhood growth curve fitted by FPCA. Points were original childhood

weight measurements.
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principal components. b. Plot of eigen-functions.
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Figure 4.3: Plot of fitted growth curve colored by the first functional principal component.
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4.3.3 Association analysis of childhood weight

Previously, we have found that the duration of exposure to epidural anesthesia at delivery
decreases the risk of the development of childhood asthma, with umbilical cord blood
methylation showing mediation effects. Studies have shown that childhood obesity/overweigh is
also a major risk factor of childhood asthma, and obesity-induced increases in asthma risk can

start '(#)"!*+, with mechanisms involving inflammatory or other changes during pregnancy or
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carly postnatal life (Malti "#$%®014; Peters, Dixon and Forno, 2018). This inspires us to further
investigate the association between the duration of exposure to epidural anesthesia and childhood
weight. However, we didn’t observe significant association between the duration of exposure to
epidural anesthesia and childhood weight data in our cohort, considering both continuous weight
measurements/functional principal components (Figure 4.3) and categorical characterization of
overweight/obesity (Figure 4.4). To investigate the association between umbilical cord blood
DNA methylation and childhood weight curve, we further conducted epigenome-wide
association analysis of the first functional principal component of childhood weight curves. We
found 9 CpGs showing nominally significant association with childhood weight curves (nominal
p-value < le-5, Table 4.5). However, none of the 9 CpGs showed significant association at a

false discovery rate (FDR) of 0.05 (Table 4.5).

Table 4.3: Association analysis of the duration of epidural anesthesia and childhood weight
measurements.

Pooled analysis AA population EA population

Coefficient V;;e Coefficient V;;Je Coefficient V;;e
Weight at age 1 -12.089  0.528  -14.451  0.517 1.064 0.946
Weight at age 2 -9.381 0.697 -14.065 0.617 20.231  0.377
Weight at age 3 -50.341  0.236  -57.724  0.255 -25.467  0.494
Weight at age 4 26.001 0.655  14.642  0.813 -29.402  0.589
Weight at age 5 2.354 0972 -17.835 0.818  -3.498  0.946
PC1 of EPCA 0.028 0.331 0.023 0.473 0.010 0.689
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Table 4.4: Association analysis of the duration of epidural anesthesia and childhood

overweight/obesity.
Pooled analysis AA population EA population

Coefficient V:ll-.le Coefficient V;L']e Coefficient V;;e
Overweight/Obesity at age 1 0.023 0.497 0.005 0.905 0.023 0.602
Overweight/Obesity at age 2 -0.050 0.263 -0.008 0.846 0.030 0.531
Overweight/Obesity at age 3 0.010 0.810 0.019 0.662 -0.022 0.667
Overweight/Obesity at age 4 0.007 0.851 -0.005 0.911 -0.112 0.138
Overweight/Obesity at age 5 0.015 0.689 -0.036 0.437 -0.093 0.169
Overweight/Obesity based on PC1 0.035 0.259 0.034 0.272 -0.052 0.309

Table 4.5: Epigenome-wide association analysis between umbilical cord blood DNA
methylation and first functional principal component of childhood weight curves.
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In this chapter, motivated by the close link between childhood asthma and

overweight/obesity, we further explored the association between childhood weight, the duration

of exposure to epidural anesthesia and umbilical cord blood DNA methylation. We proposed to

FPCA method to obtain smooth estimation of childhood weight curves, followed by regression

analysis of top functional principal component of childhood weight curves. We found that the
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first functional principal component explained up to 95.78% of the total variance of the
childhood weight measurements. The FPCA method can successfully summarize the overall
weight curve as the response variable and provide a comprehensive investigation on the weight
curve. However, we didn’t observe significant association between childhood weight and
duration of epidural anesthesia at delivery. Even though epigenome-wide association analysis
revealed nominal association (nominal p-value < le-5) between cord blood DNA methylation
and childhood weight curves, further meta-analysis with large sample size is needed to validate
the results.

Comparing to the conventional study method in epidemiology, functional principal
components analysis can model the weight curve with better efficiency. In terms of data
structure, FPCA method can handle sparse and irregular weight measurements, avoiding the
issue of losing the degrees of freedoms via traditional way of considering weight measurements
at specific time points. Additionally, FPCA method is a useful methodology for analyzing the
overall weight outcome trends by dealing with the whole growth dynamics of children. Based on
the first 5 years of childhood weight measurements in NEST cohort, we found that FPCA
method can successfully summarize most variations with only a few top principal components.
Regression analysis based on the FPCA results can be used to assess the potential factors
affecting the long-term childhood growth.

The pathophysiology of childhood asthma and obesity is complex, both involving
complicated interactions between environmental factors, genetic factors and epigenetic factors
(Toskala and Kennedy, 2015; Woo Baidal !"#$%&)16). Previously, we have revealed that the
duration of epidural anesthesia can reduced the risk of the development of childhood asthma,

with umbilical cord blood DNA methylation acting as potential mediator (Huang !"#$%X020;
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Wang "#$%3023). Moreover childhood overweight/obesity has shown to be a major risk factor
of childhood asthma, with mechanisms involving inflammatory or other changes during
pregnancy or early postnatal life (Malti "#$%®014; Peters, Dixon and Forno, 2018). We
hypothesized that the duration of epidural anesthesia at delivery may also affect the childhood
growth, potentially via umbilical cord blood DNA methylation. However, after systematic
association analysis using both categorical overweight/obesity measurements and continuous
childhood weight curves, we didn’t find significant association between childhood weight and
duration of epidural anesthesia. In addition, we didn’t observe significant association between
childhood weight curves and cord blood DNA methylation. Our results suggest that the DNA
methylation in umbilical cord blood seems not to link prenatal exposure to epidural anesthesia

and childhood overweight/obesity.
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In the dissertation, we investigated the association between umbilical cord blood DNA
methylation, prenatal environmental factors, genetic risk factors and early childhood health using
the NEST cohort (Hoyo !"#$%&011). We firstly explored the global difference in umbilical cord
blood DNA methylation patterns between black and white population and estimated the
proportion of variation within the differential epigenomic markers accounted by genetic factors.
Then, we analyzed the mediating effect of umbilical cord blood DNA methylation on the
association between prenatal exposure to epidural anesthesia at delivery and offspring
development of asthma. Finally, we extended analysis to check association between cord blood
DNA methylation and childhood growth trajectory using functional principal component analysis
(FPCA).

In chapter 2, we identified 8,700 CpG sites that were differentially methylated between
black and white ethnic groups, mapping to 3,116 genes. Enrichment analysis of the genes
mapped by the differentially methylated CpGs revealed related disease including Cancer,
Endocrine System Disorders, Stroke and Blood Pressure, indicating that DNA methylation
change in umbilical cord blood may provide early indicators of chronic disease development.
Our analysis suggested that the difference in umbilical cord blood methylation can help explain
the racial disparities of the incidence of many diseases. Using the maternal and childhood
genotyping data, we found thousands of methylation QTLs associated with the differentially
methylated CpG, with the majority of the SNP-CpGs pairs acting in a cis pattern. Regression

analysis further revealed that on average 77.7% of variations in differentially methylated CpGs
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can be explained by genetic factors. The methylation QTL analysis revealed that variations in the
differentially methylated CpGs in umbilical cord blood between AA and EA populations were
mostly genetic-driven.

In chapter 2, we focused on the association between epidural anesthesia and the
development of childhood asthma. Epidural anesthesia is an effective pain relief modality widely
used for labor analgesia. Childhood asthma is one of the commonest chronic medical illnesses in
the United States which places a significant burden on the healthcare system. Using 127 mother-
child pairs comprised of 75 Non-Hispanic Blacks (NHB) and 52 Non-Hispanic Whites (NHW)
from the Newborn Epigenetic Study, we tested the hypothesis that umbilical cord blood DNA
methylation mediates the association between duration of exposure to epidural anesthesia at
delivery and the development of childhood asthma and whether this differed by race/ethnicity. In
the mother-child pairs of NHB ancestry, the duration of exposure to epidural anesthesia was
associated with a marginally lower risk of asthma [odds ratio (OR) = 0.88, 95% confidence
interval (CI) = 0.76-1.01] for each one hour increase in exposure to epidural anesthesia. Of the
20 CpGs in the NHB population showing the strongest mediation effect, 50% demonstrated an
average mediation proportion of 52%, with directional consistency of direct and indirect effects.
These top 20 CpGs mapped to 21 genes enriched for pathways engaged in antigen processing,
antigen presentation, protein ubiquitination and regulatory networks related to the MHC class I
complex, and NFkB complex. Our findings suggested that DNA methylation in immune-related
pathways contributes to the effects of duration of exposure to epidural anesthesia on childhood
asthma risk in NHB offspring.

In chapter 3, we further explored the association between childhood weight, the duration

of exposure to epidural anesthesia and umbilical cord blood DNA methylation, considering the
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close relationship between childhood overweight/obesity and childhood asthma. We proposed to
FPCA method to obtain smooth estimation of childhood weight curves, followed by regression
analysis of top functional principal component of childhood weight curves. We found that the
first functional principal component explained up to 95.78% of the total variance of the
childhood weight measurements. The FPCA method can successfully summarize the overall
weight curve as the response variable and provide a comprehensive investigation on the weight
curve. However, we did not observe significant association between childhood weight and
duration of epidural anesthesia at delivery. The lack of significant association between childhood
weight curves and cord blood DNA methylation in this analysis suggested that the DNA
methylation in umbilical cord blood seemed not to link prenatal exposure to epidural anesthesia
and childhood overweight/obesity.

Epigenetic modifications, in particular DNA methylation, has gained increasing attention
in studying human health. One of the greatest tasks for researchers in the DNA methylation field
is to integrate multi-omics data, including genetic, RNA sequencing, protein and metabolic data,
to investigate the causation and consequences of epigenetic changes. In addition, tissue-specific
analysis with longitudinal epigenetic study design will help answer questions of the spatial and
temporal persistence of epigenetic modifications. Moreover, great efforts will be needed to create
biosensors for in vivo imaging of DNA methylation, which will facilitate the DNA methylation-

related biological and biomedical researches.
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